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Resumen
El interés en las colisiones de iones pesados ha crecido considerablemente
desde hace algún tiempo. Este sistema forma un laboratorio natural para estu-
diar la materia partónica (formada por quark y gluones, cuyo comportamiento
viene descrito por la cromodinámica cuántica) en condiciones de temperatura
y densidad muy distintas a los que existen en el interior del núcleo. Al in-
crementar la energía del centro de masa, se puede alcanzar temperaturas y
densidades críticas que permiten el deconfinamiento de quarks y gluones cu-
ya medición directa no es posible. En estas condiciones, se puede formar una
nueva forma de la materia, llamada plasma de quarks y gluones.
El conocimiento de las propiedades de esta nueva forma de la materia es
importante, ya que se cree que debido a la intensidad de las interacciones entre
las partículas, el plasma es un líquido casi perfecto en que los componentes
están estrechamente unidos y la transmisión de información es casi instantá-
nea, en lugar de un gas libre de partículas. Con este conocimiento, es posible
constreñir la teoría no perturbativa de las interacciones fuertes, sobre la que
en la actualidad, existe un conocimiento limitado.
Además, se cree que el plasma de quarks y gluones puede haber existido en
el comienzo de nuestro universo. La evolución de esta materia contiene la clave
para conocer con más exactitud la transición de la materia desconfinada a la
materia normal confinada. Mirando hacia atrás en el tiempo, la evolución de
una colisión de iones pesados es similar a la evolución del Universo casi hasta
su punto de origen, el Big Bang. Por lo tanto, las colisiones de iones pesados
son una gran oportunidad de observar y entender el origen y la evolución de
nuestro Universo.
Sin embargo, la vida útil del plasma de quarks y gluones es muy pequeño
y portanto no puede ser detectado directamente. Una posibilidad de anali-
zar esta materia es a través de la medición indirecta. Usando las sondas que
se producen temprano en la colisión, objetos con alto momento transverso
comúnmente llamados sondas duras, podemos deducir algunas propiedades
del plasma. Esto se hace mediante la comparación de estos objetos después
de haber cruzado el medio, con el resultado en colisiones donde la densidad
y energía no son suficientes para generar el plasma, por ejemplo, colisiones
protón-protón. Las modificaciones resultantes incluyen pérdidas de energía
adicionales, que son inducidas por las interacciones de las partículas que se
propagan en el medio con la materia circundante. A este fenómeno se le da
el nombre general de extinción de jets. Motivado por el estudio de las coli-
siones de iones pesados, el interés en la determinación de los mecanismos de
extinción de jets ha aumentado considerablemente en los últimos años. La
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determinación precisa de la propagación de partículas muy energéticas en un
medio denso es uno de los ingredientes principales para la determinación de
las características del plasma de quarks y gluones.
Esta tesis se centra en la extinción de jets, no como una herramienta para
el análisis del plasma de quarks y gluones, sino en el fenómeno en sí mismo.
Después de su producción, las sondas duras disminuirán su energía por
procesos elásticos o radiando partones hasta que comience el proceso de confi-
namento. El proceso de radiación es generalmente conocido como ramificación
de partones o lluvia de partones, mientras que el proceso de confinamiento es
conocido como hadronización o fragmentación. La descripción de esta última
pertenece al régimen no-perturbativo de la cromodinámica cuántica, donde
los cálculos analíticos desde primeros principios no son posibles. Sin embargo,
la evolución de los primeros en el vacío es bien reproducida por cálculos per-
turbativos. Después de su producción, el plasma se va a expandir y diluir con
el tiempo. Esto, junto con la dilatación de Lorentz debida a la alta energía
de los partones, justifica la aproximación que se utiliza típicamente, donde
se supone que sólo la lluvia de partones es modificada por la presencia de
un medio (la hadronización sigue como en el vacío). Sin embargo, como se
mencionó anteriormente, las interacciones del plasma pertenecen al régimen
no-perturbativo. Por lo tanto, es necesario una descripción de los fenómenos
de extinción de jets que puedan describir simultáneamente las dos escalas del
problema: la sonda dura, que se caracteriza por un gran momento transversal,
y el medio, que está compuesto principalmente por partículas muy suaves.
Esta es una tarea muy exigente que todavía está lejos de ser alcanzada.
Varios esfuerzos se han hecho en este sentido, pero es necesario mejorar los
modelos actuales para que puedan describir los datos que fueron publicados
recientemente por los experimentos de iones pesados: las diversas colabora-
ciones del Gran Colisionador de Hadrones (LHC, Large Hadron Collider) y
el Colisionador Relativista de Iones Pesados (RHIC, Relativistic Heavy Ion
Collider). El trabajo presentado en esta tesis fue realizado en este contexto.
Se siguieron dos enfoques distintos pero complementarios: uno más teórico y
otro más fenomenológico.
En la primera parte se calcularan algunas mejoras de uno de los modelos
teóricos actuales de extinción de jets, la aproximación BDMPS-Z/ASW. En
este modelo, las pérdidas de energía se calculan con base en el proceso de emi-
sión de un gluón procedente de un quark, quark → quark + gluón (q → qg),
pero donde las partículas sufren múltiples dispersiones suaves (interacciones
con poco momento transversal) con los constituyentes del medio. Para sim-
plificar los cálculos, se supone que cada interacción es independiente de la
siguiente. Además, se supone que estos cambios están mediados por gluones
muy suaves (muy poca energía) que prácticamente no cambian la dinámica
vde las partículas que se está propagando en el medio, pero que cambian su
color. La contribución dominante a este proceso es cuando la energía de la
radiación emitida está cerca del infrarrojo (como en el vacío). Por lo tanto el
cálculo de este modelo se hace en el límite de gluones suaves. En este caso se
asume que tanto el quark inicial como el quark final siguen trayectorias rectas
donde el momento transversal no se modifica. Esta aproximación se denomina
aproximación eikonal, y el propagador es descrito por una línea de Wilson.
Por otro lado, el gluón, siendo menos energético que los quarks, pero todavía
más energético que los componentes del medio, no puede tener su trayectoria
tan restringida. Por esta razón, se supone que el camino del gluón puede sufrir
perturbaciones Brownianas en el plano transversal, donde se tiene que integrar
sobre todas las rutas posibles que conducen desde el punto de partida de las
partícula hasta su punto final. El propagador, en este caso, es una función de
Green.
Con estas simplificaciones, el modelo BDMPS-Z/ASW hace el cálculo del
espectro de gluones radiados que fueran inducidos por el medio. Con este
ingrediente, y suponiendo que la lluvia de partones es una factorización de
la emisión de un gluón, se puede obtener una estimación de las pérdidas de
energía del quark inicial, y la modificación de la ramificación de partones.
No obstante, los resultados obtenidos con este modelo, debido a las aproxi-
maciones que se hicieron, no dependen de la energia del parton inicial. Con el
fin de mejorar este resultado, se calculó el espectro de gluones radiados, pero
en el limite de emisiones duras (cuando el gluón transporta la mayor parte
de la energía del quark inicial). Usando el mismo formalismo que el modelo
BDMPS-Z/ASW, se supuso que el gluón radiado sigue una trayectoria rectilí-
nea, mientras que el camino del quark final podría ser modificado en el plano
transverso. El resultado es una expresión que depende de la energía inicial co-
mo se pretendía originalmente. Sin embargo, el espectro de energía obtenido
caracteriza un observable que es distinto al del modelo de BDMPS-Z/ASW:
es una función del quark inicial en vez de depender de las variables cinemá-
ticas del gluon. Para determinar una extensión de este modelo, fue necesario
construir nuevas variables cinemáticas que describen los dos límites, x → 0
para la emisión de un gluón suave, o x→ 1 para la emisión de un quark suave
(o gluón duro) . Con estas nuevas variables fue posible crear una función de
interpolación entre los dos límites. Los resultados numéricos muestran que este
último espectro contiene los resultados del modelo anterior, con la información
adicional de los partones emitidos con distintos valores de x. Se ha verificado
que el espectro desaparece para x→ 1 como se esperaba. Este trabajo llevó a
la publicación de unos de los artículos en la lista, Medium-induced emissions
of hard gluons (emisión de gluones duros inducidos por el medio).
Aunque ha sido posible corregir los resultados del modelo BDMPS-Z/ASW
vi
para diferentes valores de energía radiada, este trabajo es todavía incompleto
en el sentido de que las trayectorias de algunas partículas todavía están limi-
tados en el plano transverso. Por consiguiente, el siguiente objetivo es hacer la
descripción del proceso de emisión de un gluón pero con una función de Green
asociada a todas las partículas que se propagan en el medio. Tales cálculos
teóricos llevaron a la redacción del artículo que será presentado próximamente
para su publicación, titulado Medium-induced gluon radiation beyond eikonal
approximation (Radiación de gluones inducidos por el medio más allá de la
aproximación eikonal).
Siguiendo el mismo formalismo matemático que el cálculo anterior, y asu-
miendo las mismas aproximaciones para el medio (centros de dispersión inde-
pendientes que intercambian gluones muy suaves múltiples veces), fue calcu-
lado el espectro de gluones emitidos por un quark. Los resultados analíticos
muestran que después de la emisión, las dos partículas finales se pueden propa-
gar a través del medio de forma independiente, lo que justifica la descripción
factorizada de cada uno de ellas. Sin embargo, se ha identificado una con-
tribución adicional en que, después de la emisión, las dos partículas están
correlacionadas y se propagan como un único emisor. Esto induce una reduc-
ción de la pérdida de energía en relación con la primera situación, y, en este
caso, una descripción independiente de cada partícula final no es posible. Esta
contribución tiene como pre-factor una exponencial que decae con la distan-
cia transversal entre los dos partones finales. Esto significa que después de un
tiempo de propagación finita, la correlación se rompe por la interacción con
el medio, y la propagación de cada partón se torna independiente.
Este resultado se puede interpretar como una separación de escalas: el
tamaño transverso del dipolo formado por el quark y el gluón; y la escala
de resolución transversa del medio. Si el primero es superior al segundo, o
sea, el medio es muy denso, el medio puede resolver cada partícula de forma
independiente, y por lo tanto cada emisor. En la situación inversa, el medio ve
el dipolo como un solo emisor y el quark y el gluón emiten coherentemente.
Se pueden utilizar los resultados de los modelos teóricos de extinción de
jets para predecir las modificaciones en observables hadrónicos, tales como el
espectro de energía de las partículas detectadas. Se puede obtener información
importante y útil de esto tipo de análisis, pero estos observables dependen de
los modelos de hadronizacion utilizados. Un observable que es objeto de inves-
tigación actualmente son los jets. Estos objetos son una colección de partículas
(hadrones o partones) de gran energía, que idealmente son los productos de
la fragmentación de un quark o gluón que fue producido en la dispersión du-
ra (interacción donde se intercambia más energía). Por esta razón, pueden
proporcionar una imagen espacio-temporal de la lluvia de partones, que no
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es accesible en observables hadrónicos. Mediante la medición de la modifica-
ción de los jets en las colisiones de iones pesados con respecto a colisiones
protón-protón, se puede inferir qué cambios han sido causados por el plasma
en el desarrollo de la lluvia de partones. Además, estos observables tienen la
ventaja de que pueden ser descritos por técnicas perturbativas. Sin embargo,
la definición experimental de un jet es una colección de partículas que está
limitada a una región del espacio de fases. Para su definición estricta, un jet
sólo puede existir si se le da un conjunto de reglas llamadas algoritmos de jets.
Estos algoritmos contiene información sobre cómo se agrupan las partículas,
cómo se suma su quadri-momento, y hasta qué distancia se consideran las
partículas para formar parte del mismo jet.
Con el fin de facilitar la comparación de las predicciones teóricas de ex-
tinción de jets con los datos experimentales, es habitual el uso de generadores
de eventos de colisiones protón-protón, tales como PYTHIA o HERWIG, que
son modificados para incorporar el fenómenos de pérdida de energía en el
medio. Estos códigos Monte Carlo generan el evento empezando por la dis-
persión dura, que se describe por un elemento de matriz calculado perturba-
tivamente. Los productos de la colisión son entonces evolucionados hasta la
hadronización, donde se puede aplicar diversos modelos fenomenológicos . En
la presencia de un medio, la rutina que hace que el desarrollo de la lluvia de
partones debe ser modificar para incluir las pérdidas de energía. Sin embar-
go, en una colisión de iones pesados, al mismo tiempo que la dispersión dura
ocurre, una gran fracción de cada ión va a interactuar suavemente, dando
origen a un volumen considerable de partones de menor energía. Todas las
contribuciones que no se relacionen con los productos de la dispersión dura se
llama de evento subyacente. Dado que el objetivo es determinar los cambios
del resultado de la dispersión dura, el evento subyacente, que está presente en
un evento real, debe ser adecuadamente sustraído. Esto se hace generalmente
por un proceso de sustracción que elimina convenientemente todos los tipos
de efectos de fondo. Sin embargo, puede suceder que haya fluctuaciones loca-
les que afectan los jets de una manera que los métodos de reconstrucción no
puedan corregir totalmente. Además, en el proceso de sustracción, se supone
que hay desacoplamiento entre la dispersión dura y el evento subyacente, una
aproximación que puede no ser realista. Los componentes del medio pueden
llegar a ser parte del jet o al revés. Por lo tanto, una descripción completa
de un evento de iones pesados debe implicar una simulación del evento duro
cambiado por la interacción con el plasma, junto con un evento subyacente
realista, y la posterior aplicación de un método de reconstrucción de jets lo
más similar posible al procedimiento experimental. Pero esta descripción es
muy exigente y compleja y ninguno de los análisis hasta la fecha han sido ca-
paces de realizarla. Por esta razón, es imprescindible entender cuáles son los
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ingredientes que se utilizan en el análisis de iones pesados y determinar cuál
es su impacto sobre los diferentes observables y relación con el mecanismo de
extinción de jets. Es en este contexto donde la parte más fenomenológica de
esta tesis fue desarrollado, dando lugar a la publicación del artículo An analy-
sis of the influence of background subtraction and quenching on jet observables
in heavy-ion collisions (Un análisis de la influencia de la sustracción de fondo
y la extinción de jets en observables de colisiones de iones pesados).
En este trabajo se hizo una comparación sistemática de los resultados de
un generador Monte Carlo que incluye pérdida de energía en un medio, el Q-
PYTHIA, con algunos resultados experimentales de jets. Este código se basa
en PYTHIA, pero la rutina que genera la lluvia de partones en el estado final
está modificada de acuerdo con el modelo BDMPS-Z/ASW. Además, hay una
extensión fenomenológica de este formalismo para valores más altos de energía
radiada, y se supone que el momento transverso que tanto el padre como el
partón radiado adquieren es igual en magnitud, pero de direcciones opuestas,
para conservar la energía-momento. La función de emisión de partones esta
modificada de modo que la radiación de una parton aumenta de acuerdo con
los parámetros del medio, en particular, el coeficiente de transporte, qˆ. Este
parámetro es proporcional a la densidad del medio y controla la intensidad de
las pérdidas de energía. La referéncia qˆ = 0 GeV 2 fm−1 significa que no hay
pérdidas energía adicionales (vacío). Al aumentar qˆ se aumenta los efectos de
extinción de jets.
Para una comparación con los datos experimentales fue necesario simular
el evento subyacente para añadir lo evento duro. Con el fin de simplificar
el cambio de las características del plasma, se utilizó un modelo simplificado.
Con este modelo se genera una distribución uniforme de partículas en el ángulo
azimutal, φ, y pseudo-rapidez, η. La distribución del momento transverso sigue
una disminución exponencial con la temperatura del medio, T , que se conecta
a una potencia. Por lo tanto, la relación entre las partículas más y menos
energéticas del medio puede ser controlada por la temperatura, lo que induce
distintos valores de fluctuaciones locales.
A continuación, tiene que aplicarse un método de substracción. Se han
utilizado dos métodos distintos. En lo primero, la estimación se realiza con
la información de un conjunto de jets que se reconstruye a partir del evento
total. Para ser más sensible a las partículas menos energéticos, se utiliza un
algoritmo llamado algoritmo k⊥, que agrupa las partículas preferiblemente de
bajo momento transverso. Con estos jets, se estiman los parámetros de fondo:
la cantidad promedio de momento transverso por unidad de superficie, ρ, y
el nivel de fluctuaciones locales, σ. La lista final de los jets se reconstruye
utilizando un método que da preferencia a las partículas con alto momento
transverso, el algoritmo anti-k⊥. A estos jets se resta los niveles de contami-
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nación de fondo que fueron determinadas previamente. En el otro método, el
método de pedestal, la estimación de los parámetros de fondo y el proceso de
sustracción se hace con las partículas del evento final en lugar de los jets. Los
jets finales son entonces reconstruidos utilizando partículas cuyo resultado de
su quadri-momento sea positivo después de la sustracción.
Los resultados de la simulación fueran comparados con datos experimenta-
les del LHC publicados por la colaboración CMS: la asimetría de la energía de
los dos jets más energéticos, Aj - se observa que el aumento de la centralidad
de la colisión, y por lo tanto la longitud del medio producido, incrementa la
diferencia de energía entre los dos jets; la correlación azimutal entre los dos
jets, ∆φ - no se observan diferencias significativas en relación con una colisión
protón-protón; y la ausencia de momento transverso , /p⊥, donde se hace una
proyección del momento transverso de todas las partículas en relación al eje
del jet más energético. Este último observable, cuando se aplica a un análisis
diferencial en momento transverso y/o distancia al eje del jet de más energía,
puede dar información de la composición y distribución del evento. Se puede
observar que la energía del jet es esencialmente recuperada por muchas par-
tículas de poca energía, pero bastante alejadas del eje del segundo jet. Una
posible interpretación de estos resultados sugiere que el mecanismo de extin-
ción de jets tiene que originar muchos gluones de poca energía, para no alterar
el eje de los jets principales, y que estos gluones tienen que ser emitidos a altos
ángulos una vez que no son recuperados por los métodos de reconstrucción.
Los resultados obtenidos a partir de esta comparación muestran que los
métodos de sustracción tienen la misma sensibilidad para la reconstrucción
de la energía de los jets en la presencia de un fondo y/o efectos de extinción
de jets. Sin embargo, el método de pedestal tiene una mayor sensibilidad en
la reconstrucción azimutal. Por esta razón no fue posible obtener una des-
cripción precisa de la distribución de la correlación azimutal. Con el método
de sustracción basado en jets, es posible una descripción satisfactoria de los
observables bajo consideración, con valores moderados de coeficiente de trans-
porte , qˆ ∈ [4, 8] GeV2 fm−1, incluyendo la falta de momento transverso. Este
resultado no se esperaba para este tipo de modelos de extinción de jets, donde
las perdidas de energia y el aumento de momento transverso están conectados.
Un estudio más detallado reveló que tal descripción también es posible debido
a eventos en los que el segundo jet emite un parton semi-duro a gran ángulo,
que se reconstruye como un tercero jet. Debido a los fenómenos de pérdida
de energía, la composición de este jet va a cambiar para partículas de menos
energía, resultando en la misma señal observada.
Incluso logrando una descripción satisfactoria de los observables analiza-
dos, los resultados de la simulación se pueden mejorar mediante la aplicación
de nuevos desarrollos teóricos, como los que se derivan de esta tesis. Esto sería
xuna continuación natural de esta obra.
Con la conclusión de este trabajo, varios ingredientes teóricos importantes
para entender completamente los fenómenos de extinción chorro fueran desa-
rrollados. Además, con el estudio fenomenológico, se demostró que un trabajo
mejor complementario entre teoría y experimento nos permitirá entender me-
jor cómo la ramificación de jets se modifica en presencia de un medio y, en
última instancia, extraer las propiedades del plasma de quarks y gluones.
Abstract
The interest in heavy ion collisions has grown considerably in these last
years. This system forms a natural laboratory to study partonic matter
(formed by quarks and gluons, whose interactions are described by quantum
chromodynamics) under conditions of temperature and density very different
from those inside a nucleus. By increasing the energy of the center-of-mass,
it is possible to reach critical values of temperature and density where the
deconfinement of quarks and gluons may occur. Under these conditions, a
new form of matter, called the quark-gluon plasma, can be formed.
The knowledge of the properties of this new state of matter is important,
as it is believed that due to the intensity of the interactions between the
particles, the plasma is a nearly perfect liquid where the constituents interact
strongly and the transmission of information is almost instantaneou, rather
than a free gas of particles. With this information, it is possible to constrain
the non perturbative sector of the strong interactions, that currently is not
well understood.
In addition, it is believed that the quark-gluon plasma may have existed at
the beginning of our universe. The evolution of this state of matter contains
the key to determine more accurately the transition from deconfined to normal
confined matter. Looking backwards in time, the evolution of a heavy ion
collision is similar to the evolution of the Universe, almost to its point of
origin, the Big Bang. Thus, heavy ion collisions are a great opportunity to
further understand the origin and evolution of our Universe.
However, the lifetime of the plasma is very short being, therefore, im-
possible to be detected directly. One possibility to perform an observation
is through an indirect measurement. Taking advantage of the probes that
are produced early in the collision, objects with high transverse momentum
commonly called hard probes, one can infer some of its properties. This is
done by comparing the modifications of these these objects after exiting the
fireball, with the reference result from collisions where the energy and density
are not sufficient to generate plasma, for example proton-proton collisions.
The resulting modifications include additional energy loss that is induced by
interactions of the propagating particle with the surrounding matter. These
phenomena are known under the generic name of jet quenching. Motivated by
the study of heavy ion collisions, the interest in determining the mechanisms
of jet quenching has grown considerably recently. The accurate determination
of the propagation of highly energetic particles through a dense medium is
one of the main ingredients that will help to infer the characteristics of the
quark-gluon plasma.
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This thesis is focused on jet quenching, not as a tool for analysis of quark-
gluon plasma, but rather on the phenomenon itself.
After its production, the hard probes will decrease its energy by elastic pro-
cesses or by radiating partons until they begin the process of confinement. The
process of radiation is usually known as parton branching or parton showering,
while the process of confinement is known as hadronization or fragmentation.
The description of the latter belongs to the non-perturbative regime of the
quantum chromodynamics, where analytical calculations from first principles
are not possible. However, the evolution of the former, in vacuum, is well
reproduced by perturbative calculations. In the presence of a medium, since
the plasma will expand and dilute over time, and due to the Lorentz time
dilation caused by the large energy of the hard probes, it is possible to as-
sume that only the parton showering is modified, while the hadronization is
the same as in vacuum. As mentioned earlier, the plasma interactions belong
to the non-perturbative regime. Therefore, it is necessary a description of
the jet quenching phenomena that can describe simultaneously the two dif-
ferent scales of the problem: the hard probe, that is characterized by a large
transverse momentum, and the medium, that is mainly composed by very soft
particles.
Such task is very demanding and it is still far from being achieved. Several
efforts were made in this direction, but it is necessary to improve the current
models for a better description of the data that was recently published by
the heavy ion experiments: the several collaborations of the Large Hadron
Collider (LHC) and the Relativistic Heavy Ion Collider (RHIC). It was in this
context that the work presented in this thesis was developed. Two distinct, but
complementary, approaches were followed: one more theoretical and another
more phenomenological.
In the first part, some improvements of one of the current theoretical mod-
els of jet quenching, the approach BDMPS-Z/ASW, were carried out. In this
model, the calculation of energy loss is based on the process of gluon split-
ting off a quark, quark → quark + gluon (q → qg), where they experience
multiple soft scatterings (several exchanges of small transverse momentum)
with the constituents of the medium. To simplify the calculations, it is as-
sumed that each interaction is independent of the following. Additionally, it
is assumed that these exchanges are mediated by very soft gluons (very small
energy) that do not change the momentum of the propagating particles but
can change their color. The dominant contribution to this process is when
the energy of the emitted gluon is near the infrared, as in vacuum. Therefore,
the calculation of this model is performed in the limit of soft gluon emissions.
In this case, the propagation of both the initial and the final quark can be
parameterized as a straight line, where the transverse momentum is not mod-
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ified. This approach is referred as eikonal approximation, and the propagator
is described by a Wilson line. On the other hand, the gluon, being less ener-
getic than the quarks, but still more energetic than the medium constituents,
cannot have its trajectory so constrained. For this reason, some Brownian
perturbations in the transverse plane of the propagating particle are allowed,
where it is necessary to integrate over all possible paths from the starting
point to the end. The propagator is described by a Green’s function in this
case.
With these simplifications, the BDMPS-Z/ASWmodel calculates the spec-
trum of medium-induced radiated gluons. From this ingredient, and assum-
ing that the parton shower is a factorization of the gluon splitting process,
the total energy loss of the initial quark, and the modification of the parton
branching can be estimated.
Nonetheless, the results obtained with this model do not depend on initial
energy of the parent parton. In order to improve this result, it was calculated
the spectrum of radiated gluons, but in the limit of hard gluon emissions (when
the gluon carries most of the energy of the initial quark). Using the same
formalism than the BDMPS-Z/ASW model, it was assumed that the radiated
gluon follows a Wilson line, while the final quark can have its trajectory
modified in the transverse plane. The result is an expression that depends
on the initial energy of the parent parton, as originally intended. However,
the obtained energy spectrum is characterizing a different observable from the
BDMPS-Z/ASW model: it is a function of the quark variables instead of the
gluon ones. Thus, to find an extension that includes the two descriptions, it
was necessary to build new kinematic variables that describe the two limits,
x → 0 for the emission of a soft gluon, and x → 1 for the emission of a soft
quark (or hard gluon). With these new variables it was possible to create an
interpolation function between the two limits. The numerical results show
that the latter spectrum contains the results of the previous model, with
the additional information of emitted partons with different values of x. As
expected the spectrum vanishes for x → 1. This work led to the publication
of one of the listed articles, Medium-induced emissions of hard gluons.
Although this work has made possible to correct the BDMPS-Z/ASW
model to account for different values of radiated energy, this work is still
incomplete in the sense that the trajectories of some particles are still con-
strained in the transverse plane. The next objective is, therefore, to make the
description of the gluon splitting process, but associating one Green’s func-
tion to all the particles that propagate through the medium. Such theoretical
calculations led to the article to be submitted soon for publication, entitled
Medium-induced gluon radiation beyond eikonal approximation.
Following the same path-integral formalism as above, and assuming the
xiv
same approximations for the medium (the propagating particle undergoes mul-
tiple independent soft scattering), it was computed the gluon energy spectrum
off a quark. The analytical results show that after its emission, the two final
particles can propagate through the medium independently, thereby justifying
the factorized description of each of the final particles. Nevertheless, we iden-
tified an additional contribution, where after emission, the two final particles
are correlated and propagate as a single emitter. This induces a reduction of
energy loss relative to the first scenario, and an independent description of
each final particle is not possible in this case. This contribution has, as a pre-
factor, an exponential that decays with the transverse distance of the dipole
formed by the two final particles. This means that after a finite propagation
length, the correlation is broken by the interactions with the medium and each
final parton becomes independent again.
The result can be interpreted as a separation of scales: the transverse size
of the dipole formed by the quark and the gluon, and the transverse resolution
scale of the medium. If the former exceeds the latter, i.e., if the medium is very
dense, it can resolve each particle independently, and therefore each emitter.
The total spectrum is just an incoherent sum of both individual spectrums.
In the reverse situation, the medium sees the dipole as a single emitter, and
therefore the quark and gluon emit coherently. Depending of the density of
the medium, one contribution can dominate over the other.
The results of theoretical models of jet quenching can be used to predict
the modification of inclusive observables, such as the energy spectrum of the
detected particles. Although it contains important and useful information,
this depends on the hadronization models that are used. One observable
which is currently under investigation are the jets. These objects are a col-
lection of highly energetic particles (hadrons or partons), which, ideally, are
the fragmentation products of the same quark or gluon that was produced
in the hard scattering (interaction where more energy is exchanged). For this
reason, they can provide a temporal and spatial image of the parton showering,
which is not accessible in hadronic observables. By measuring the modific-
ation of jets in heavy ion collisions with respect to proton-proton collisions,
one can infer the medium-induced modifications in the development of the
parton shower. These observables have also the advantage that they can be
described by perturbative techniques. However, the experimental definition of
a jet is a collection of particles that are confined in a finite region of the phase
space. For a strict definition, a jet can only exist if a set of rules, called jets
algorithms, is provided. These algorithms contain the information on how the
particles were grouped, how their four-momentum was summed, and what is
the maximum distance up to which the particles are considered to be part of
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the same jet.
In order to help on the comparison of the predictions of theoretical models
with experimental data, it is common to use event generators of proton-proton
collisions, such as PYTHIA or HERWIG, properly modified to incorporate the
phenomena of energy loss. These Monte Carlo codes generate the full event
starting by the hard scattering that is described by a matrix element cal-
culated by perturbative techniques. The products of the collision are then
evolved up to the hadronization, where several phenomenological models can
be applied. In the presence of a medium, the routine of the parton showering
have to be modified to include energy losses. However, in a real heavy ion
collision, at the same time that the hard scattering occurs, most of the ions
constituents will interact softly, giving rise to a considerable volume of partons
of lower energy. All the contributions that does not involve the products of
the hard scattering is called underlying event. Since the goal is to determ-
ine the changes in the products of the hard scattering, the underlying event
must be properly subtracted. This is usually done by a subtraction procedure
that ideally removes all types of background effects. However, local fluctu-
ations may affect the jets in a way that the reconstruction methods cannot
fully correct for. Additionally, this subtraction process assumes a decoupling
between hard scattering and underlying event that may not be realistic. The
constituents of the medium can become part of the jet and vice-versa. Thus,
a complete description of a heavy ion event must include the simulation of
medium-modified hard event couples to a realistic underlying event, with the
subsequent application of the method of jet reconstruction closer as possible
of the experimental procedure. But this program is very demanding and com-
plex, and none of the analysis up to now have been able to follow it. For this
reason, it is imperative to understand what are the ingredients used in the
analysis of heavy ions and determine what is their impact on different observ-
ables and relation with jet quenching. It was in this context that the more
phenomenological part of this thesis was developed, leading to the publication
of the article An analysis of the influence of background subtraction and on
jet quenching observables in heavy- ion collisions.
In this work, a systematic comparison was made of a Monte Carlo gener-
ator that includes energy loss effects, the Q-PYTHIA, with some experimental
results of jets. This code is based on PYTHIA, but the routine that gener-
ates the parton shower in the final state was modified according to the model
BDMPS-Z/ASW. Additionally, there is a phenomenological extension of this
formalism to higher values of radiated energy, and it is assumed that the
transverse momentum acquired by both parent and radiated parton are equal
in magnitude but with opposite directions to account for energy-momentum
conservation. The partonic splitting functions are modified so that the radi-
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ation off a parton increases according to the input parameters of the medium,
in particular the transport coefficient, qˆ. This parameter is proportional to
the medium density and controls losses of energy. The reference qˆ = 0 GeV 2
fm−1 translates into no additional energy loss (vacuum), while an increase of
the value of qˆ represents higher jet quenching phenomena.
For a comparison with experimental data, it was necessary to simulate the
underlying event in which the hard event is embedded in. In order to simplify
the modification of the medium characteristics, a toy model was used. In
this model, a uniform particle distribution in azimuthal angle, φ, and pseudo-
rapidity, η, was generated. The transverse momentum distribution follows an
exponential that decreases with the temperature of the medium, T , and that
connects to a power law. Thus, the ratio between more and less energetic
particles of the medium can be controlled by the temperature, resulting into
different medium configurations with different values of local fluctuations.
A subtraction method had to be applied afterwards. We used two different
methods. In the first method, the estimation is done through information from
a set of jets that is reconstructed from the total event. To be more sensitive
to less energetic particles, it was used an algorithm called the k⊥-algorithm
that groups preferably the particles with low transverse momentum. From
this list of jets, it is possible to determine the background parameters: the
average amount of transverse momentum per unit area, ρ, and the level of local
fluctuations, σ. The final list of jets is reconstructed using a method that gives
preference to particles with high transverse momentum, the anti-k⊥ algorithm.
The levels of contamination that were previously derived are subtracted to
these jets. In the other method, a pedestal-like technique, the estimation
of the background parameter and the subtraction procedure is made at the
particle level instead of the jets. The final jets are then reconstructed using
particles whose four-momentum is positive after the subtraction.
The results of the simulation were compared with experimental data from
the LHC published by the CMS collaboration: the energy asymmetry of the
leading dijet pair, Aj - this shows that as the centrality of the collision in-
creases, and therefore the length of the produced medium, the energy differ-
ence between the two jets increases; the azimuthal correlation of the leading
dijet pari ,∆φ - it is not observed significant differences with respect to a
proton-proton collision; and the missing transverse momentum, /p⊥, where
it the projection of the transverse momentum to the leading jet axis of all
particles is summed. This last observable, when applied to a differential ana-
lysis in transverse momentum and/or distance from the leading dijet axis, can
provide information of the momentum composition and distribution of the
event. It can be observed that the energy of the jet is essentially recovered
by the presence of soft particles, but at a large distance from the recoiling jet
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axis. A possible interpretation of these results suggests that the mechanism
of jet quenching is such that medium-induced radiation is mainly composed
by very soft gluons, so that the dijet axis is not modified, but are emitted at
large angles since they are not recovered by the methods of jet reconstruction.
The results obtained from this comparison show that the subtraction meth-
ods present the same jet energy resolution in the presence of a background
and/or effects of jet quenching. However, the pedestal method has a higher
sensitivity in the azimuthal jet reconstruction. For this reason it was not pos-
sible to obtain an accurate description of the distribution of the azimuthal
correlation. With the subtraction method based on jets, it is possible a sat-
isfactory description of the observable under consideration, with moderate
values of transport coefficient , qˆ ∈ [4, 8] GeV 2 fm−1, including the missing
transverse momentum. This result was not expected for this kind of models of
jet quenching, where energy loss and broadening are linked. A more detailed
inspection of the results revealed that such a description is also possible due
to events where the second jet emits a semi-hard parton at large angle, that
is reconstructed as a third jet. Due to the phenomena of energy loss, the
composition of this jet will change to very soft particles, inducing the signal
that is observed .
Even achieving a satisfactory description of the analyzed observables, the
simulation results can be improved through the implementation of new the-
oretical improvements, such as those derived in this thesis. This would be a
natural follow-up of this work.
With the conclusion of this work, several important theoretical ingredients
to fully understand the jet quenching phenomena were developed. Also, with
the phenomenological study, it was shown that more complementary works
between theory and experiment will allow us to better understand how the
jet branching is modified in the presence of a medium and, ultimately, extract
the properties of the quark-gluon plasma.
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Chapter 1
Introduction
The field of high energy heavy ion collisions (HIC) was born in the 70’s
of the last century, when a group of physicists, among them, the Nobel prize
winner T.D.Lee, published a series of papers predicting the existence of a
new form of nuclear matter that was formed at very high energies and very
high densities. This new state of matter, named the quark-gluon plasma
(QGP) [Lee 1974b, Collins 1975, Freedman 1977, Shuryak 1978, Bass 1999], is
a physical system described by the theory of strong interactions, the quantum
chromodynamics (QCD) where the degrees of freedom of the theory Lag-
rangian, quarks and gluons, are deconfined up to very large distances. This
gives a window of opportunity to study QCD under extreme conditions that
are not accessible in elementary particle interactions. Furthermore, it is be-
lieved that the QGP was formed in the very early stages of our Universe,
which means that the transition between confined nuclear matter to the QGP
phase may provide information about the dynamics of the early Universe. All
this motivated the development of heavy-ion collisions programs, such as the
Alternating Gradient Synchrotron (AGS) and its successor, the Relativistic
Heavy Ion Collider (RHIC) at the Brookhaven National Laboratory (BNL)
and, at Conseil Europeen pour la Recherche Nucleaire (CERN), the Super
Proton Synchrotron (SPS) and the Large Hadron Collider (LHC). However,
the detection and study of the QGP at accelerators is not an easy task: due
to a rapid expansion and cooling of the system, the lifetime of this matter is
no longer than a few fm/c before it undergoes a phase transition to normal
hadronic matter. Within this time, a direct observation is not possible and
one has to rely on probes that are formed within the QGP.
In HICs, the hard partonic scattering give rise to collimated clusters of
particles, known as jets, and other high transverse momentum or high mass
objects are produced in a very early stage of the collision. These objects,
whose production involves a large perturbative scale, are designated hard
probes. Nowadays, they are one of the most used tools to study the QGP
properties since they are not in thermal equilibrium with the rest of the plasma
and can, therefore, act as external probes. By evaluating the modifications
with respect to proton-proton (pp) collisions one can infer the transport and
dynamical properties of the medium.
From the interaction with the medium, partons will suffer a collection of
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energy loss processes, what is generically called jet quenching, thus inducing
modifications on the final parton shower. As a consequence, a suppression of
energetic hadrons with respect to pp would be seen and such evidence was
first observed by RHIC [Adcox 2002]. However, the description and evolution
of the QGP belongs to the non-perturbative regime QCD where analytical
calculations from first principles are not possible nowadays. For this reason,
several jet quenching models based on different assumptions have been de-
veloped. Nonetheless, the identification of the main mechanism of energy loss
is not so straightforward since it is not always possible to draw clean conclu-
sions from a comparison with data. Still, one can use information from single
particle spectra, that are most sensitive to the leading parton modifications,
and jets, that are most sensitive to parton branching, to constrain energy loss
mechanisms and medium properties. At the LHC, full reconstructed events
are studied, and several observables has been already released. The results
show that events with large dijet momentum imbalance, that indicate the
presence of medium-induced energy loss, come together with an azimuthal
distribution compatible with pp [Chatrchyan 2011]. Additionally, this energy
is only recovered at large angles under the form of very soft particles. This fact
seems to challenge jet quenching models in which energy loss from additional
semi-hard gluon bremsstrahlung and broadening are associated. But the full
understanding of this kind of processes is far from complete and many efforts
on that direction are currently being made [Mehtar-Tani 2013a].
The comparison with the data becomes more transparent if Monte Carlo
(MC) generators are used instead, to simulate quenched and unquenched
events. On a realistic event, however, apart from the jet constituents of the
hard parton shower, one has to deal with the underlying event (UE) that
affects the jet energy and showering reconstruction. The separation between
the two is done with a background subtraction procedure and ideally, all back-
ground effects are removed. Nevertheless, this may not be the case since local
background effects can change the jets in a way that background subtraction
procedures cannot correct entirely for those. Furthermore, the separation
between jet and medium after several interactions may become artificial as
medium constituents can become part of the jet. Thus, a complete descrip-
tion of medium-modified events coupled or decoupled to a realist background
event together with a jet reconstruction as close as possible from the experi-
mental analysis are needed for a correct comparison with the data. But this is
a very complex physical description and none of the phenomenological analysis
up to now follow this procedure. It becomes very important to understand
what are the ingredients used in the analysis of jets in HIC and how do they
affect the different observables in order to guarantee the identification of the
jet quenching mechanism as well as the QGP properties.
3The purpose of this investigation is, on one side, to improve current jet
quenching calculations by relaxing some of the assumptions made in previ-
ous works in a way that can be encoded in event generators, and, on the
other, to identify important ingredients used in jet reconstruction by analyz-
ing its impact on different observables, at the same time that one of the jet
quenching MCs is put to test. For that, this thesis is divided into two ma-
jor parts, each one addressing one the previous topics, and it is organized as
follows: first, on Chapter 2, all the basic concepts needed to understand the
work developed and presented on this thesis are introduced. In particular,
considerations about HIC and hard probes, a brief summary about currently
established jet quenching models and an overview over the current particle
and jet observables. Then, it follows one of the two parts of this work, the
Chapter 3, where the work that addresses finite energy corrections is presen-
ted. An extended introduction to the mathematical formalism that is used
in the two refereed papers that are contained in this section is made, as well
some discussion about its current limitations. A brief summary and prospects
can be found in the end of the chapter. On Chapter 4, the second part of
this thesis is shown and contains the phenomenological work about jets in
HIC. Again, it is given a focused discussion about the observables, jet recon-
struction in pp vs nucleus-nucleus (AA) collisions, as well as its differences,
methods and problems. It follows the refereed paper that contains the work
done on this subject finishing with a brief summary and prospects. The final
conclusions of this thesis are presented in Chapter 5.

Chapter 2
Basic Concepts about QCD and
Heavy-Ion Collisions
2.1. Quantum Chromodynamics
By the 1950s, with the invention of bubble and spark chambers, particle
physists discovered a large number of particles, which were called hadrons. It
was noticed that there was flavour symmetry among several hadron species,
suggesting that these particles could be composite and formed by sub-hadronic
objects: the quarks. In order to have three similar quarks co-existing inside
a hadron a new quantum number, the colour, was postulated. This gave
birth to the quark model, with its modern version developed by Gell-Mann,
Nakano and Nishijima, among other important contributions [Nakano 1953,
Gell-Mann 1956]. The model was able to predicted the existence of the Ω−
baryon, later observed at BNL, in 1964 [Barnes 1964], laureating Gell-Mann
with the Nobel Prize in 1969.
Afterwards, Bjorken showed that the existence of point-like constituents
within the nucleons, called partons, would result in a scaling behavior of the
structure functions [Bjorken 1969a] that should hold in deep inelastic scatter-
ing (DIS) of electrons and protons. A behavior consistent with the Bjorken
scaling was observed in the Stanford Linear Accelerator Center (SLAC) [Bloom 1969]
and the Parton Model [Bjorken 1969b, Feynman 1969] introduced in the late
60s by Feynman, Gribov and Bjorken to address the new data was established.
But only a theory where the coupling strength has a finite value at the origin
could be consistent with this observation [Callan 1973]. Potential candidates
for such a theory are the non-Abelian gauge theories, also known as Yang-Mills
theories [Yang 1954]. In 1973, using this class of theories, Gross and Wilczek
[Gross 1973] and Politzer [Politzer 1973], working independently, showed that
the attraction between quarks grows weaker as the quarks approach one an-
other and grows stronger as the quarks are separated, a property known as
asymptotic freedom. Later on, the coupling constant of QCD, αs, was found to
be dependent on the momentum exchange between hadrons, awarding Gross,
Wilczek and Politzer the Nobel Prize in 2004. This was the set up of QCD
as the theory of the strong nuclear force, one of the known four fundamental
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forces in Nature.
QCD describes the strong interaction as an SU(N = 3) gauge symmetry
between spin 1/2 massive fermions, the quarks, and spin 1 massless gauge
bosons, the gluons. The charge is the colour and can take three values,
usually named red, green and blue. The (anti)quarks transform under the
(anti)fundamental representation of the gauge group, which means that they
can carry only one (anti)colour. As for the gluon, as opposed to what happens
in Quantum Electrodynamics (QED), the theory that describes the electro-
magnetic interaction, it transforms under the adjoint representation of SU(3)
and thus carry a non-neutral combination of colour+anti-colour. There are 9
combinations, but one of them would correspond to a scalar (a non-colored
gluon), remaining a total of N2−1 = 8 self-interacting gauge bosons. None of
these partons are observed as free particles, since they are always confined into
hadrons, which are colour neutral objects. Formally, only colour neutral com-
binations of quarks, anti-quarks and gluons are invariant under SU(3) trans-
formations, and they correspond to observable particles. This means that only
two types of hadrons are allowed: the ones formed by a qq¯ pair, called mesons,
and the ones composed by 3 (anti)quarks, called (anti)baryons. Other, more
complex combinations are still under discussion [Ablikim 2013, Liu 2013].
2.1.1. QCD Lagrangian and its properties
Using the two types of fundamental fields, quarks and gluons, one can
write the QCD Lagrangian as
LQCD = Lclassical + Lgauge−fixing + Lghost, (2.1)
where the term that describes the interaction and propagation of the fields is
Lclassical =
∑
flavours
f¯A(i /Dµ −m)ABfB −
1
4
F aµνF
aµν . (2.2)
The fA represents the quark field with mass m and the indices A,B = 1, 2, 3
run the fundamental representation while a, b = 1, 2..., 8 the adjoint one. The
field strength tensor is given by
F aµν = ∂µA
a
ν − ∂νAaµ − gfabcAbµAcν , (2.3)
where g is the coupling constant and fabc the structure constants of SU(3).
The first two terms in eq. (2.3) represent the interaction between fermions
and bosons, like in QED, (see figure 2.1 (left)) and the last term is the non-
Abelian structure of the theory that allows for the coupling between gauge
fields themselves (see figure 2.1 (middle and right)).
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InQCD,thesehavevalues
TF=
1
2
,CA=3,CF=4/3,(2.8)
andaretypicallyassociatedwiththesplittingsg→qq¯,g→ggandq→qgrespectively.
Thequantizationofthistheoryistypicallyperformedusingthepathintegralformalism.Inthis
technique,thegauge-fixingconditionimposesaconstraintonthefunctionalintegralwhichcanbe
removedbytheintroductionofFaddeev-Popovghostfields[37].Theseunphysicalfieldsappearas
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2.2.1UltravioletBehavior
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Callan-Symanzikequation.Inparticular,thederivativeofthecouplingconstantwithrespectto
therenormalizationscale,µ,isdefinedbytheβ-function,
∂g
∂lnµ
=β(µ).(2.9)
Theone-loopβ-functionforSU(N)non-AbeliangaugetheorieswasfirstcomputedbyWilczek,
GrossandPolitzerin1973[22,23].ForN=3itisgivenby
β(αS)=−g
￿
αS
4π
β1+
￿αS
4π
￿2
β2+···
￿
,(2.10)
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Figu e 2.1: Basic QCD vert x interactions.
The QCD Lagrangian must be invariant under local gauge transformations
and this is achieved by the introduction of the covariant derivative
DµAB = ∂µδAB + igA
c
µt
c
AB. (2.4)
Although the results are gauge inv ri nt, it is useful t fix e g uge to perform
calculations. This means adding the term Lgauge−fixing to the Lagrangian, that
creates unphysical degrees of freedom, ghosts, that must be cancelled by Lghost.
Up to now, the full theory cannot be solved analytically. Some mathemat-
ical methods, like perturbation theory are v ilable, but can only be pplied in
regimes with sufficien ly weak interactions, where th strong coupli g strength
αs = g
2/(4pi) takes small values. The idea is to find an approximate solution
A to a problem, by expanding in terms of a power series in αs, like
A = αsA1 + α
2
sA2 + . . . , (2.5)
where Ai represents the order of the exp nsion that can be found by some
systematic procedure, such as Feynman diagrams. For small values of αs
the higher-order terms in the series become successiv ly smaller and an ap-
proximate perturbation solution is ob ai ed by truncating the series, for ex-
ample at leading order (LO), A1. Higher order calculations usually contain
diagrams with loops, resulting in divergencies whe trying to integrate the
unconstrained momenta. The process by which one deals with these infinit-
ies is called renormalization and consists, b sically, in a redefinition of the
parameters of the theory, like αs, t ll orders in perturbation theory so the
infinities can be absorbed inside these quantities. While this procedure is not
unique, they all introduce a dimensional parameter, the renormalization scale
µ, usually chosen as related to the relevant hard scale of the problem, Q2
to minimize the effect of higher order contributions. The derivative of the
coupling constant with respect to the renormalization scale is defined by the
β-function and is called renormalization group equation or Callan-Symanzik
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equation [Callan 1970, Symanzik 1970, Symanzik 1971]:
∂g
∂ lnµ
= β(µ). (2.6)
By solving it at one loop one finds the expression that translates into the
running of the coupling :
αs(Q
2) =
4pi
β1 log
(
Q2
Λ2QCD
) . (2.7)
The parameter ΛQCD is an integration constant chosen such that it rep-
resents the scale at which the coupling diverges and has been determined to
be ΛQCD ' 200 MeV [Beringer 2012]. The one loop coefficient,
β1 =
11N
3
− 2nf
3
(2.8)
is obtained by evaluating the diagrams in figure 2.2, where N is the number of
colours and nf the number of flavours. The negative contribution comes from
the quark loop, left diagram in figure 2.2, while the positive contribution comes
from the gluon loop, the right diagram in figure 2.2 and is responsible for the
asymptotic freedom behavior of QCD: since β1 is positive (N = 3, nf = 6),
the larger the scale Q2, the weaker the interaction becomes.
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Figure 2.3.: Leading order contributions to the β-function.
It is convenient to define
t = ln
(
Q2
µ2
)
and β(αs) = µ
2 ∂αs(µ
2)
∂µ2
(2.6)
and to rewrite equation (2.5) as[
− ∂
∂t
+ β(αs)
∂
∂αs
]
O(et, αs) = 0 . (2.7)
This equation can be solved by introducing a running coupling αs(Q2) via
t =
αs(Q2)∫
αs(µ2)
dα′
β(α′)
. (2.8)
The scale dependence is then completely in the running coupling and O(1, αs(Q2))
is a solution of equation (2.7).
The β-function defined in equation (2.6) can be calculated in perturbation the-
ory [47, 48] and is of the form
β(αs) = −bα2s(1+ b′αs + b′′α2s +O(α3s)) . (2.9)
The diagrams contributing to leading order (one loop approximation) are shown in
figure 2.3. The result for b is
b =
33− 2nf
12pi
, (2.10)
where nf is the number of quark flavours that can be excited in the quark loop
(figure 2.3).
In leading order equation (2.8) can be integrated directly. The integration constant
Λ2QCD is chosen such that it represents the scale at which the coupling diverges [49].
ln
(
Q2
Λ2QCD
)
= −
∞∫
αs(Q2)
dα′
β(α′)
=
∞∫
αs(Q2)
dα′
bα′2
=
1
bαs(Q2)
(2.11)
⇒ αs(Q2) = 12pi
(33− 2nf) ln
(
Q2
Λ2QCD
) (2.12)
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Figure 2.2: Leading order contributions to the β-function.
I this regime, quarks and gluons are the r levant degrees of freedom and
perturbation theory can be applied for Q  ΛQCD. However, as the coup-
ling becomes large, quarks and gluons bind together to form hadrons, being
impossible to detected them directly. This property is called confinement. In
this small scale regime, perturbation theory breaks down and a description
in terms of Feynman diagrams is not appropriate anymore. Other math-
ematical descriptions involving non-perturbative dynamics to solve equations
numerically must be used, but this process is highly non-trivial and limited
by computer resources. Among these approaches, lattice QCD [Wilson 1974]
is perhaps the most successful, also providing an intuitive description for the
confinement process. Lattice calculations show that the static qq¯ potential is
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consistent with a potential Coulomb-like at short range, but growing at large
distances [Bazavov 2010]:
VQCD(r) = −4
3
α
r
+ kr. (2.9)
As the separation between the two partons increases, the force remains con-
stant and an increasing amount of energy is stored in the stretched gluon field
called a flux tube1. At some point, it becomes energetically favorable for the
system to break the flux tube and produce a new qq¯ pair from the vacuum.
This process is shown in figure 2.3 and is called string fragmentation. It gives
an heuristic modeling for confinement: no matter how much energy is applied,
only colour-neutral objects can be created from the system.
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confinement; no matter how much energy is applied only color-neutral objects can be created from
the system. The flux tube picture has led to developments in hadron phenomenology by considering
hadrons as relativistic strings [47, 48], and the constant, k, in Eq. 2.16 can be interpreted as a string
tension. Monte Carlo (MC) event generators for simulating the production of hadrons have had a
long history of success using string models [49, 50].
q q q q q q
Figure 2.8: Flux tube representing static qq¯ potential (left) fragmenting into two color-neutral
objects (right).
2.3 Applications of Perturbative QCD
2.3.1 The Parton Model and Factorization
QCD has had great success in providing reliable perturbative calculations of experimental observ-
ables. The most basic application of QCD uses the parton model, which is a tree-level, impulse
approximation to the full perturbation theory. The scattering process is formulated in terms of
point-like constituents integrated over probability distributions for a given parton to have momen-
tum fraction x,
σAB(pA, pB) ∼
￿
i,j
￿
dxidxj σˆ(xipA, xjpB)φ
A
i (xi)φ
B
j (xj) , (2.17)
Here A and B denote the colliding hadrons and i and j denoting partons of a particular type. The
functions φBi (xi) give the probability density of finding a parton of type i in hadron A with momen-
tum pi = xipA. While asymptotic freedom ensures that at suﬃciently hard scales the partonic level
matrix elements are calculable in perturbation theory, almost any real world observable will involve
hadronic initial and/or final-states, where the theory becomes non-perturbative. The applicability
of Eq. 2.17 in certain kinematic regimes suggests that calculations can be performed by separating
the short distance behavior of QCD, encoded in the partonic matrix element σˆ, from the long range
behavior represented by the probability distributions. The formal apparatus through which this
Figure 2.3: Flux be represen ing static qq¯ potential (left) fragmenting into
two colour-neutral objects (right).
2.1.2. Factorization and parton evolution
The application of perturbative expansions in QCD should not be con-
fused with the application of such mathematical methods in other theories
like QED. In the latter theories, the incoming and outgoing particles in a
scattering event carry the same quantum numbers as the fields in the respect-
ive Lagrangian density. While in QCD, although the Lagrangian is described
in terms of quarks and gluons and the perturbative expansion involves these
fields, the asymptotic states in strong interactions are composite hadrons due
to confinement. Thus, the application of perturbative QCD (pQCD) depends
on the ability to isolate sector of the interaction which can be described
using a erturbative ex ansion in αs involving quarks and gluons, from the
remaining part of the process which is non-perturb tive. In almost e ery re-
action, there exist sub-processes ov r a wide ra ge of energy scales up to a
hard scale Q2. Most of them cannot be des ribed by pQCD and need to be
separated from those which inv lves ard scales. Th technical machinery
that dem nstrates this se aration order-by-order in αs is called factorization
1The flux tube picture has lead to many developments in hadron phenomenology by
considering hadrons as relativistic strings, where k is interpreted as string tension. Many
Monte Carlo event generators for simulating the production of hadrons have had a long
history of success using string models [Sjöstrand 1994].
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[Collins 1984, Collins 1985a, Collins 1988], and is usually stated as a theorem
with corrections suppressed at very large Q2.
As an example of this theorem, the cross-section of a generic process in
which there is the production of a given hadron, h, per unit of rapidity, y,
and transverse momentum, pT , within the parton model2, can be expressed
as [Collins 1985a]
d2σh
dyd2pT
=
∫
dxadxbfa(xa, µf )fb(xb, µf )
dσab→c(xapa, xbpb, µ, µf , µ′f , pT/z)
dtˆ
Dhc (z, µ
′
f ),
(2.10)
where fa(xa) (fb(xb)) is the parton distribution function (PDF) the probability
to find a parton with a momentum fraction xa (xb) of the initial longitudinal
momentum pa (pb) in the incoming hadron a (b). The quantity that can be
calculated within pQCD is dσ/dtˆ, the hard partonic cross-section (being tˆ the
Mandelstam variable) for the scattering of partons of type a and b into c. The
fragmentation function (FF) is represented by Dhc , with c being the parton
that will hadronize into a hadron h that carries a fraction z of the parton
initial energy. Each quantity depends on a different factorization scale, µ, µf
and µ′f , that separates the long distance regime from the short one. The value
of these scales may not be the same.
Furthermore, the parton distributions and the fragmentations functions,
in the factorization formulation, are independent of the specific scattering pro-
cess. Although they cannot be computed from first principles through perturb-
ation theory, they are universal features of the hadrons and can be determined
experimentally. Since they only depend on the flavour and hard scale, Q2, of
the parton, one can use, for instance, the data from e+e− experiments to
measure the FFs, since there is no integration over the PDFs. Afterwards,
they can be applied to hadron-hadron collisions [Binnewies 1995a, Binnew-
ies 1995b, Kniehl 2000].
The observation of Bjorken scaling [Bloom 1969], that for large Q2 the
proton PDFs are independent of Q2 was the inspiration for the parton model.
But in fact, these functions have a weak dependence with Q2, and this effect
is called scaling violation. This dependency arise from the fact that partons
may have radiated gluons before the hard scattering. Since the FFs are the
final-state analog of the PDFs, the same can be understood also for partons
that are produced after the hard scattering - gluon radiation occurs before
clustering together to form the final hadrons. An intuitive explanation of
2The parton model allows to formulate a scattering process in terms of point-like con-
stituents, that are integrated over probability distributions.
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2 6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2−p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2hard, and so, partons have to decrease this virtuality by radiating
gluons that by its turn can convert into qq¯ pairs leading to a violation of the
Bjorken scaling.
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Figure 1: The successive stages of jet production in the presence of a medium.
the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to eﬀects imprinted by the medium on the QCD
branching of the hard parton.
Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
τmed ∼ 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
Eﬀects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.
The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.
A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, diﬀerent
from that of a vacuum jet.
Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Qhard Q0
Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2hard up to Q20. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.
The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equati ns. The differe tial splitting probability for he emission of a parton b
with energy fraction z relative to its parent parton a is given by
dPb←asplit(z,Q2) =
αs(Q
2)
2pi
Pˆb←a(z)dz
dQ2
Q2
, (2.11)
where Pˆi←j a e the unregularized splitti g fu ctions that have a proba ilistic
interpretation for the process a → b + c, with the e ergy fraction z taken
by the parton b. The DGLAP eq ations are built based on th obs rva-
ti n that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form αs(Q2) ln(Q2/Λ2). This factor can become
large if the emissions are collinear at some scale Λ, even for small αs. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
αNs (Q
2) lnN(Q2/Λ2), but only for the case where the virtualities are strongly
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ordered, qn < qn−1 < . . . < q0, with other orderings appearing with smaller
powers of ln(Q2/Λ2).CHAPTER 2. BACKGROUND 18
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Figure 2.9: Schematic representation of multiple collinear splittings. The portion of the diagram
shown in red is interpreted as part of the structure of the struck hadron instead of a correction to
the hard matrix element.
The large logarithms are a symptom of interactions far away from the scale at which the coupling
was fixed. Fortunately, these collinear contributions can be resummed by renormalization group
methods. As most of the collinear emissions are well separated in scale from the probe, q0, these
emissions can be reinterpreted as modifying the hadron structure as opposed to corrections to Ca.
This results in a Q-dependence of the PDF that evolves the probe from the hard scale to lower
momentum scales (indicated by the red sub-diagram in Fig 2.9). For the change Q→ Q+∆Q the
diﬀerential probability of an emission with energy fraction z and transverse momentum Q < p⊥ <
Q+∆Q is given by
α
2π
dp2⊥
p2⊥
Pa←b(z) ￿ α
π
∆Q
Q
Pa←b(z), (2.27)
where Pa←b(z) is the splitting function for parton of b splitting into type a, and can be computed
from the diagrams shown in Fig 2.10. Changes in the distribution of parton a at momentum fraction
x can come from splittings of other partons at x￿ = x/z, and can be written as
∆fa(x,Q) =
￿
b
￿ 1
0
dx￿
￿ 1
0
dz
α
π
∆Q
Q
Pa←b(z)fb(x￿, Q)δ(x− zx￿) (2.28)
= ∆ lnQ
￿
b
α
π
￿ 1
x
dz
z
fb(
x
z
,Q2)Pa←b(z).
Figure 2.5: Illustration of multiple collinear splittings. The red part of the
diagram is interpreted as part of the structure of the hadron instead of a
co rectio to the hard scattering matrix element.
In QCD three different splitting processes are possible: q → qg, g → gg
and g → qq¯. They result into four splitting functions, that at LO are given
by
Pˆq←q(z) = CF
1 + z2
1− z , (2.12a)
Pˆq←g(z) = TR
(
z2 + (1− z)2) , (2.12b)
Pˆg←q(z) = CF
1 + (1− z)2
z
, (2.12c)
Pˆg←g(z) = CA
(
z
1− z +
1− z
z
+ z(1− z)
)
. (2.12d)
The pre-factors CF = 4/3, TR = 1/2 and CA = 3 emerge from the gauge
group SU(3). The change of the fragmentation function of a parton a into
the hadron h in a small virtuality interval is
Q2
∂Dha(x,Q
2)
∂Q2
=
αs(Q
2)
2pi
∫ 1
x
dz
z
∑
b
Pˆb←a(z)Dhb
(x
z
,Q2
)
,
− αs(Q
2)
2pi
∫ 1
0
dz
∑
b
Pˆa←b(z)Dha(x,Q
2).
(2.13)
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There are two contributions: the first term represents the feeding of the frag-
mentation function Dha(x,Q2) by splittings from higher energy fraction x/z,
that will result in a positive contribution, while the second accounts for virtual
corrections that do not change z in the distribution, resulting in a negative
contribution. This expression is finite since the singularities of the splitting
functions Pq←q, Pg←g and Pg←q for soft gluon emissions are outside of the
integration region or are the same in both terms and cancel. To make this
more explicit, new regularized splitting functions are defined as
Pq←q(z) = CF
(
1 + z2
(1− z)+ +
3
2
δ(1− z)
)
, (2.14a)
Pg←g(z) = 2CA
(
z
(1− z)+ +
1− z
z
+ z(1− z)
)
+ δ(1− z)11Ca − 4nfTR
6
,
(2.14b)
where nf accounts for the number of flavours and the +-prescription is defined
such as: ∫ 1
0
dz
f(z)
(1− z)+ =
∫ 1
0
dz
f(z)− f(1)
1− z , (2.15a)
1
(1− x)+ =
1
(1− x) for 0 ≤ x < 1. (2.15b)
Writing eq. (2.13) with the new regularized splitting functions leads to
the DGLAP evolution equations for the quark and gluon, respectively:
Q2
∂Dhq (x,Q
2)
∂Q2
=
αs
2pi
∫ 1
0
dz
z
{
Pq←q(z)Dhq
(x
z
,Q2
)
+ Pg←q(z)Dhg
(x
z
,Q2
)}
,
(2.16a)
Q2
∂Dhg (x,Q
2)
∂Q2
=
αs
2pi
∫ 1
0
dz
z
{
Pg←g(z)Dhg
(x
z
,Q2
)
+Pq←g(z)
∑
q
(
Dhq
(x
z
,Q2
)
+Dhq¯
(x
z
,Q2
))}
.
(2.16b)
The same evolution in Q2 is also valid for the PDFs but the evolution is set
backwards in time3 (from the hard scattering to the initial state built by the
incoming nuclei). This evolution is only valid if x is not too small, otherwise,
the z integration diverges as x → 0. This corresponds to an increase of soft
gluon radiation resulting in an unphysical high multiplicity. It can be shown
that successive vacuum emissions have their emission angles strictly ordered, a
property known as angular ordering [Mueller 1981, Ermolaev 1981, Ellis 1996,
3spacelike instead of the usual timelike evolution
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Dokshitzer 1991], that results in a suppression of soft gluon radiation at large
angles. A qualitative explanation of this effect can be given considering an
emission of a gluon from a qq¯ pair: if the opening angle is larger than the
separation of the dipole, the radiated gluon cannot resolve the colour charge
of its emitter and is suppressed. Therefore, coherence phenomena like angular
ordering, must be considered at small-x and DGLAP evolution equations must
be corrected to account for these effects. Other formulations to account for the
evolution in x or Q2 at small-x can be found in [Ellis 1996, Dokshitzer 1991,
Perez-Ramos 2006, Arleo 2008, Collins 1981, Collins 1985b].
The DGLAP equations can be solved numerically or using Mellin trans-
formations, but in both cases, the fragmentation functions at low Q20 scale are
extracted from experimental data. These fitted distributions are then used as
initial conditions for the evolution equations.
Since DGLAP equations does not allow to follow an individual parton nor
the partons emitted from it, they can be formulated in a slightly different way
with the help of the Sudakov form factor [Sudakov 1956],
∆a(Q
2) = exp
{
−
∑
b
∫ Q2
Q20
dQ′2
Q′2
∫
dz
αs(Q
′2)
2pi
Pˆb←a(z)
}
. (2.17)
Eq. (2.17) be interpreted as the probability for a parton a not to branch
(or not to have resolvable branchings) between Q20 and Q2. This connection
between branching probability and evolution in virtuality is the basis for the
description of parton showers in Monte Carlo generators. A more careful
explanation of MC showering is made in section 2.3.1.
2.2. Heavy-Ion Collisions
Heavy-ion collisions are the only possibility to study nuclear matter in
extreme conditions of temperature and density in a controlled environment
as the laboratory. By reaching very high levels of temperature and density,
short range interactions prevail over the long range interactions that start to
become screened by nearby colour sources. Due to asymptotic freedom, inter-
actions at very short distances are characterized by a small coupling constant,
resulting in the formation of the QGP where quarks and gluons are decon-
fined. Lattice calculations to indicate that this transition is very rapid but
continuous, located over an interval of temperatures in the low density regime
rather than a line separating the two regime (a cross-over, see fig. 2.6). One
can also observe in fig. 2.6 that at very high densities, exotic phases of nuclear
matter are supposed to exist [Lee 1974a, Lee 1975], such as neutron stars or
colour super-conductors [Rajagopal 2000].
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Figure 2.6: The QCD phase diagram (taken from [CBM 2007]).
2.2.1. Geometry of heavy-ion collisions
The transition from confined to deconfined matter can be accessible in
HIC and one of the main goals from the current heavy-ion experiments, such
as RHIC and the LHC, is to study the phase diagram of nuclear matter and
the QGP properties through the collision of heavy-ions. The geometry of
a HIC is largely dictated by the density of nucleons in a nucleus. Due to
Lorentz contraction, as these nuclei travels at almost the speed of light, they
present themselves as two thin disks of radius RA ' A1/3 fm, being A the
atomic number. It is believed that the nuclear matter is in a colour Glass
Condensate (CGC) state [Kharzeev 2003, Gelis 2010] before the collision itself.
This state, that is essentially characterized by a large number of gluons with
a very small energy fraction (low-x) due to self-gluon interaction, describes
each of the incoming nuclei as a black disk, where all phase space is occupied
by partons up to the nuclei boundaries at a given scale Q2s. Other approaches
based on cold nuclear matter effects [Eskola 1998, Eskola 1999, Hirai 2001,
Frankfurt 2005, Tywoniuk 2007], like nuclear shadowing (see section 2.4.1),
also try to explain this evolution of the initial state of the collision.
The fact that we can consider the two nuclei as two (Lorentz contrac-
ted) discs was the main motivation for the construction of the Glauber model
[Glauber 1970, Eskola 1989, Miller 2007]. In this approximation the collision
of two nuclei is considered as an independent sum of nucleon-nucleon interac-
tions, that are inside the geometric overlap between the two colliding objects
(see fig. 2.7). The nucleons that interact are called participants, while the oth-
ers that move apart and fragment in a very narrow cone around their initial
16 Chapter 2. Basic Concepts about QCD and HIC
direction are termed spectators.
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Figure 3
Schematic representation of
the optical Glauber model
geometry, with transverse
(a) and longitudinal
(b) views.
distinction between the target and projectile nuclei is a matter of convenience). We
focus on the two flux tubes located at a displacement s with respect to the center
of the target nucleus and a distance s− b from the center of the projectile. During
the collision these tubes overlap. The probability per unit transverse area of a given
nucleon being located in the target flux tube is TˆA(s) =
∫
ρˆA(s, zA)dzA, where ρˆA (s, zA)
is the probability per unit volume, normalized to unity, for finding the nucleon at
location (s, zA). A similar expression follows for the projectile nucleon. The product
TˆA(s)TˆB (s− b) d 2s then gives the joint probability per unit area of nucleons being
located in the respective overlapping target and projectile flux tubes of differential
area d 2s . Integrating this product over all values of s defines the thickness function
Tˆ (b), with
TˆAB (b) =
∫
TˆA (s) TˆB (s− b) d 2s . 3.
Notice that Tˆ (b) has the unit of inverse area. We can interpret this as the effective
overlap area for which a specific nucleon in A can interact with a given nucleon in
B. The probability of an interaction occurring is then Tˆ (b) σNNinel , where σ
NN
inel is the
inelastic nucleon-nucleon cross section. Elastic processes lead to very little energy
loss and are consequently not considered in theGlaubermodel calculations. Once the
probability of a given nucleon-nucleon interaction has been found, the probability
of having n such interactions between nuclei A (with A nucleons) and B (with B
nucleons) is given as a binomial distribution:
P (n,b) =
(
AB
n
)[
TˆAB (b) σNNinel
]n [
1− TˆAB (b) σNNinel
]AB−n
, 4.
where the first term is the number of combinations for finding n collisions out
of AB possible nucleon-nucleon interactions, the second term the probability for
having exactly n collisions, and the last term the probability of exactly AB − n
misses.
www.annualreviews.org • Glauber Modeling in High-Energy Nuclear Collisions 211
An
nu
. R
ev
. N
uc
l. P
art
. S
ci.
 20
07
.57
. D
ow
nlo
ad
ed
 fr
om
 ar
jou
rna
ls.
an
nu
alr
ev
iew
s.o
rg
by
 B
roo
kh
av
en
 N
ati
on
al 
La
bo
rat
ory
 on
 05
/29
/07
. F
or 
pe
rso
na
l u
se 
on
ly.
Figure 2.21: Views of the collision syst m transverse (left) and p rallel (right) to the b am axis [121].
An alternative to performing the analytic integrals is to use Monte Carlo techniques. This
has the advantage of including terms neglected in the optical approximation that incorporate local
per-event density fluctuation [121, 123]. This method is performed by sampling the full Woods-
Saxon distribution in Eq. 2.61 A times to populate positions for nucleus A. To prevent overlap, a
position is regenerated if it is found to be within some minimum distance of a previously generated
nucleon. Once the positions have been generated for both nuclei, a random impact parameter
vector is generated defining an oﬀset between the nuclear centers. The transverse position for all
nucleons in nucleus A is compared to each of the analogous nucleons in B. If the distance between
the pair is ∆r <
￿
σinelNN/π, the nucleons are considered to have participated. Ncoll is defined as the
number of times this condition is satisfied, with Npart defining the number of nucleons for which
this condition was satisfied at least once. An example of an event generated with this technique
is shown for a Au+Au collision i Fig 2.22. The distribution of Npart values for diﬀerent impact
parameters is shown in Fig. 2.23, as well as the relationship between Ncoll and Npart.
Experimentally, the per-event impact parameter is not measurable so a procedure must be per-
formed to relate a distribution of some measurable quantity to the Glauber parameters. Variables
like the total charged particle multiplicity or transverse nergy typically have distributions similar
to the Npart and Ncoll distributions. This feature, combined with the fact that these are global vari-
Figure 2.7: Sch matic representation of the Glauber M del geometry,with
transverse (a) and longitudin l (b) views (figure taken from [Miller 2007]).
The impact parameter ~b is defined in the plane perpendicular to the beam.
The beam axis together with the vector ~b define the reaction plane.
Within this approximation, the nuclear density can be parameterized as a
smooth distribution of independent nucleons, and thus, can be described by
a Woods-Saxon distribution [Wo ds 1954]
ρ(r) =
ρ0
1 + exp
(
r−R
a
) . (2.18)
The parameter ρ0 is an overall normalization to the total number of nucleons,
the R is the nucleus radius while parameter a is called the skin-depth. Both
parameters are determined experimentally and for Pb208, they were measured
to be R = 6.62± 0.06 fm and a = 0.546± 0.01 fm [De Vries 1987].
The expected number f nu leons at a given position s is given by the
nuclear thickness, profile function or transverse density
TA(s) =
∫
dzAρA(s, zA), (2.19)
where we integrate over the longitudinal coordinate zA. The two nuclei (A
and B) are separated by an impact parameter, b, like shown in figure 2.7 and
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the flux of nucleons that are simultaneously in A and B is described by the
overlap function
TAB(b) =
∫
d2sTA(s)TB(s− b). (2.20)
This represents the probability of finding a nucleon simultaneously on nucleus
A and B at a given impact parameter b. Knowing the inelastic nucleon-
nucleon cross section, σinelNN , the average number of binary nucleon-nucleon
(NN) collisions in a AA collision at a given impact parameter b is just〈
N binNN(b)
〉
= σinelNNTAB(b). (2.21)
It is also possible to identify the probability of interaction of a nucleon
passing through a nucleus A(B) as
pA(B)(b) =
σinelNNTA(B)(b)
nA(B)
(2.22)
where nA(B) is the total number of nucleons inside the nucleus A(B)
nA(B) =
∫
d3rρA(B)(r). (2.23)
The probability of n collisions can then be written as a binominal distribution
P (k;n, p) =
(
n
k
)
pk(1− p)n−k, (2.24)
where k is the number of successes, n the number of trials and p the probability
of one success. Thus, the probability that a nucleon passing through the
nucleus A at an impact parameter b takes part at least in one interaction will
be given by:
PA(b) = 1−
(
nA
0
)(
σinelNNTA(b)
nA
)0(
1− σ
inel
NNTA(b)
nA
)nA−0
= 1−
(
1− σ
inel
NNTA(b)
nA
)nA
' 1− e−σinelNN TA(b),
(2.25)
where the last equality is valid for large nA (and in the same way for the
nucleus B). In this way, the expected number of participants can be defined
as
〈Npart(b)〉 =
∫
d2sTA(s)
(
1− e−σinelNN TB(s−b)
)
+
∫
d2sTB(s)
(
1− e−σinelNN TA(s−b)
)
.
(2.26)
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The integrals from eq. (2.26), can be solved either numerically or using MC
techniques that have the advantage to include event-per-event density fluctu-
ations [Miller 2007, Bialas 1976], that are usually neglected in the Glauber
formalism. It was shown in [Alver 2010] that the fluctuations of the initial
geometry can induce a general triangular anisotropy.
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3 Relating the Glauber Model to Experimental Data
Unfortunately, neither Npart nor Ncoll can be directly measured in a RHIC exper-
iment. Mean values of such quantities can be extracted for classes of (Nevt) mea-
sured events via a mapping procedure. Typically a measured distribution (e.g.,
dNevt/dNch) is mapped to the corresponding distribution obtained from phe-
nomenological Glauber calculations. This is done by defining “centrality classes”
in both the measured and calculated distributions and then connecting the mean
values from the same centrality class in the two distributions. The specifics of this
mapping procedure differ both between experiments as well as between collision
systems within a given experiment. Herein we briefly summarize the principles
and various implementations of centrality definition.
3.1 Methodology
Figure 8: A cartoon example of the correlation of the final state observable
Nch with Glauber calculated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
communication).
The basic assumption underlying centrality classes is that the impact param-
eter b is monotonically related to particle multiplicity, both at mid and forward
rapidity. For large b events (“peripheral”) we expect low multiplicity at mid-
rapidity, and a large number of spectator nucleons at beam rapidity, whereas
for small b events (“central”) we expect large multiplicity at mid-rapidity and a
small number of spectator nucleons at beam rapidity (Figure 8). In the simplest
Figure 2.8: Cartoon example of [Miller 2007] that illustrates a distribution of
a centrality variable (the charged particle multiplicity, Nch) and its orrelation
with the Glauber expectations < Npart > and b (top horiztontal axis).The up-
per sub-ranges correspond to events with a more central collision (bin [0−5]%
corresponds to the most central class), while the bottom sub-ranges corres-
pond to peripheral events.
Some of the variables in this framework, for instance, the event-per-event
impact parameter, b, cannot be measured directly. Nonetheless, one can relate
other measurable quantities to the Glauber expectations in order to determine
the collision geometry, that is expected to vary with b. The total multiplicity
of charged particles or transverse energy, are good experimental variables in
the sense that they present a distribution that is similar to Npart and Ncoll.
As they are global variables, i.e., are expected to be less sensitive to detailed
features of the collision, they form an excellent choice for centrality variables.
The centrality determination is an experimental method that allows to group
events that have a similar geometric overlap in a given centrality class based on
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a set of global criteria. Given a generic experimental variable ζ, the common
procedure consists in dividing the range of observed values into sub-ranges,
where the integral in each sub-range is a small percentage of the total integral.
An example from [Miller 2007] is shown in figure 2.8, where ζ ≡ Nch, the
multiplicity of charged particles. The centrality bin ith, where ζi < ζ < ζi+1
is defined in terms of percentage in the form [a− b]%, such that∫ ζi
ζmin
dζ
1
Nevt
dNevt
dζ
= a%, (2.27a)
∫ ζmax
ζi+1
dζ
1
Nevt
dNevt
dζ
= b%. (2.27b)
The centrality bin that corresponds to the smallest fraction of the total
integral, [0 − 5]%, corresponds to the collisions that are more central, i.e,
the geometric overlap includes almost all the nuclei. On the other hand,
the centrality class [50 − 100]% contains the events that have a peripheral
geometry, in which the overlap region is small. In the middle, are the semi-
peripheral and semi-central collisions.
By constructing a new variable ξ from the Glauber variables, one can relate
dNevt/dξ with the experimental distribution dNevt/dζ at each centrality bin
and find the relation that allows to perform the best fit.
2.2.2. Evolution of heavy-ion collisions
In a HIC, before the formation of the QGP, there is an evolution of the
participants nucleons through several stages, that are believed to be part of
the evolution of our own Universe since the Big-Bang. These stages exist
only for some femtoseconds in a HIC, and it is believed to have lasted a few
microseconds after the Big-Bang, but the physical description of each one of
this stages, can be quite different. It follows a standard schematic view of
this process, and an illustrative picture of this evolution can be visualized in
figure 2.9.
After the partons have passed by each other and break the nuclei, the
participant nucleons are in a highly excited state that is characterized by the
presence of very strong colour fields. Depending on the collision centrality,
the azimuthal shape of the created hot nuclear matter can have an anisotropic
distribution. But this stage takes some time to enter a phase of equilibrium
and due to Lorentz time dilation, the soft particles will emerge from this pre-
equilibrium phase earlier. As a consequence, the fast partons, that will have a
higher Lorentz factor γ and therefore will emerge much later from the collision
point, have to propagate through the medium created by these soft particles,
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Figure 2.9: Space-time evolution of the nuclear matter created in a HIC (ad-
apted image from [Gelis 2012]).
that in the meanwhile, have thermalized into the QGP. Depending on the
velocity of thermalization, the initial anisotropies can result in large parton
momentum anisotropies or vanish. The hydrodynamical model of Bjorken
[Bjorken 1983] provides a way to estimate the initial energy density in a HIC.
It can be shown that the transverse energy density in a PbPb collision at the
LHC, with
√
sNN = 2.76 TeV is around ε ∼ 120 GeV/fm3 [Dainese 2010], a
value high enough so that a fast thermalization might occur. Thus, a hydro-
dynamical evolution phase starts shortly after the collision, where the QGP is
described as a perfect fluid. As the system expands in the longitudinal direc-
tion, its temperature drops until it reach a critical temperature Tc. Once this
temperature is reached, quarks and gluons are confined into a gas of hadrons
that is still in equilibrium. This expansion continues for several fm/c, until it
reaches a freeze-out. The first freeze-out is the chemical one: the number of
particle species becomes constant, but hadrons can still react kinematically.
As the temperature and density continues to decrease, the system becomes
dilute and the interactions among the hadrons decrease so that a thermal
equilibrium is not possible anymore (kinetic freeze-out). Afterwards, hadrons
only travel the remaining distance up to the experiment detectors.
It should be noted that the process of thermalization and hydrodynamical
evolution are still open subjects with some aspects to be clarified.
2.3. Hard Probes
Particles whose production is characterized by a large scale (mass or en-
ergy) are designated hard probes (HP) and nowadays these are a fundamental
2.3. Hard Probes 21
tool for new discoveries in particle physics. When searching for signals of
the fundamental constituents of matter, events are selected based on the large
momentum exchange characteristic of the hard scattering to probe the smaller
possible distances. But these hard processes make also an excellent probe of
the properties of the hot nuclear matter that is formed in ultra-relativistic AA
collisions, as they are generated together with the soft bulk. As a consequence,
the variety of scales of hard processes ranging from a few GeV up to the TeV
scale, provides the most diverse tool to study the dynamical properties of the
created medium. From the behavior of the bulk outcome of HICs, that include
low transverse momentum hadrons, one can infer the collective properties in
initial conditions as well as the eventual development of hydrodynamic flows
of the final state. As for the high transverse momentum objects produced
in the collision, they have to cross the medium that in the meanwhile was
produced. Its interactions with the medium will result into modifications on
the final state that can provide a direct insight into the dynamics of the QGP.
The study of these processes, with a large virtuality involved, has become one
of the main fields of research in HICs and is the focus of this thesis.
The effects resulting from the propagation of hard particles through a
hot and dense coloured medium are known under the generic name of Jet
Quenching. Although the microscopic mechanisms of interaction are not yet
entirely understood, the simplest observational prediction, as proposed ori-
ginally by Bjorken [Bjorken 1982] is the suppression of the inclusive yields
at high-pT due to energy loss. This effect was later confirmed at RHIC
[Adcox 2002], where a suppression of hadrons with a large transverse mo-
mentum was observed for
√
sNN = 130 GeV. Nowadays, jet quenching is
experimentally established by measurements of single inclusive particle spec-
tra [Adler 2004, Adare 2012, Adams 2003a, Adams 2003b, Aamodt 2011,
Chatrchyan 2012d, Abelev 2013a] and two-particle correlations [Adler 2006,
Adare 2011, Adams 2005, Aamodt 2012] at RHIC and the LHC. Another mani-
festations of the same physical phenonmena has been observed in jet studies in
PbPb collisions, mainly at the LHC [Aad 2010, Aad 2013a, Chatrchyan 2011,
Chatrchyan 2012a, Chatrchyan 2012c, Chatrchyan 2013b], but with some re-
lated results also at RHIC [Salur 2009, Lai 2009]. The advantages of using
jets in vacuum relies on the fact that they do not present a strong dependence
on hadronization models, contrary to hadron measurements, making them a
more natural framework to use pQCD. In the presence of a medium, they
are still a viable tool to study its properties, but are dependent on the ex-
perimental ability to measure modifications of jet observables relatively to a
baseline established when no medium is present (pp collisions). The theor-
etical understanding of the in-medium QCD showering of hard partons and
subsequent fragmentation needs also to be under control.
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While in vacuum parton branching description is relatively mature - the
production of high transverse momentum partons results from processes with
large momentum transfer that can be described with controlled uncertainty
through the convolution of three factorized pieces (see eq. (2.10)): PDFs on
the incoming nuclei, elementary cross-section and hadronization of final state
- currently, in HICs there is no firm theoretical proof that the same factor-
ization holds. Instead, it is used as an assumption, that is consistent with
phenomenological analysis up to now. General considerations indicate that if
factorization is assumed, since the parton cross-section takes place in a very
short time and spatial scale, it is expected to remain unchanged with the
presence of the medium, as partons cannot be resolved by the created matter.
However, the subsequent evolution of the outgoing partons, takes place in the
presence of an extended thermal medium, modifying the respective FFs. Still,
experimental evidences indicate that the final state effect responsible for jet
quenching is of partonic nature4, translating into a modification of the par-
ton branching prior to hadronization that can be treated using perturbation
theory. As a consequence, current theoretical models that try to describe the
effect of jet quenching are based on models of parton energy loss.
2.3.1. Jet evolution in vacuum
One important ingredient to get quantitative conclusions about the jet
quenching mechanism, is to define our jet probe in vacuum. At LO, the
description of the parton branching effect is specially relevant for an imple-
mentation in MC simulations. In section 2.1.2, the DGLAP evolution equa-
tions were presented based on the observation that the dominant contribution
comes from an ordering in virtuality of the emitted partons. The virtuality Q
can then be taken as an ordering time t for the branching process, allowing
to define the probability of a branching at time t as a function f(t). In a
similar way to a radiative decay process, one can define the probability that
no branching has happened up to time t, F¯ (t), as:
df¯(t)
dt
= −f(t)F¯ (t)⇒ F¯ (t) = exp
{
−
∫ t
t0
f(t′)dt′
}
. (2.28)
With this definition, the probability that a branching occur at time t is just:
P(t) = f(t)F¯ (t) = f(t) exp
{
−
∫ t
t0
f(t′)dt′
}
. (2.29)
4It is observed a largely unmodified correlation of hadron pairs with large transverse mo-
mentum and small angular separation in systems that present a strong inclusive suppression
[Adams 2003a, Adams 2006, Adare 2010]. Furthermore, different light flavour species that
present different hadronization patterns are affected in the same way by the presence of a
medium [Dainese 2012].
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For parton branching, f(t) will be given by eq. (2.11) that corresponds to
the double differential spectrum of radiated gluons in vacuum,
f(t) ≡ dPsplit(z,Q2) = αs
2pi
P (z)dz
dQ2
Q2
, (2.30)
where the ordering variable is t = Q2, the virtuality of the parton. Thus, the
probability to radiate a gluon at a given virtuality Q2 from a parton produced
with a virtuality Q2max would be
dP(z,Q2) = αs
2pi
1
Q2
P (z)∆(Q2)dQ2dz, (2.31)
where the Sudakov form factor, the probability that no radiation takes place
between between Q2 and Q20 is given by eq. (2.17),
∆(Q2) = exp
{
−
∫ Q2
Q20
dQ′2
Q′2
∫
dz
αs
2pi
P (z)
}
. (2.32)
These expressions, as well as the DGLAP evolutions shown in section 2.1.2
are applied to the fragmentation functions, where the evolution is made by
decreasing the virtuality at each step, but the same can also be applied for
PDFs, as long as the ordering goes in the opposite direction (increasing from
an initial Q20 to a given Q2). Given an initial condition for the PDFs f(x,Q20),
the value at a different Q2 is given by iterating expression (2.31)
f(x,Q2) = ∆(Q2)f(x,Q20) +
∫
dQ′2
Q′2
∆(Q2)
∆(Q′2)
∫
dz
z
P (z)f
(x
z
,Q2
)
, (2.33)
where the first term is the contribution when there is no resolving radiation
between the two scales, and the second term represents the evolution due to
radiation. This expression can also be derived integrating DGLAP equation
((2.16)), assuming only one flavour. It is also the basis of most parton branch-
ing implementation in MC codes, where the evolution is made by an iterative
process as well. The subsequent modification to account for medium effects
can differ significantly from each particular implementation.
2.3.2. Jet evolution in medium
2.3.2.1. Collisional energy loss
The modifications imprinted by the medium on these hard probes are
essentially of two different natures: collisional energy loss or radiative energy
loss. The first mechanism was the first to be proposed and recognized by
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Bjorken [Bjorken 1982]. The energy loss of highly energetic parton would
be a consequence of soft elastic scatterings with the uniform ideal QGP in
thermal equilibrium in the (dominant) t-channel, with a cross section
dσ
dt
=
(
2
3
)±1
2piα2s
t2
, (2.34)
where t is one of the Mandelstam variables, and ± stands for an effective color
charge of quarks and gluons, respectively. The mean energy loss would be
dE
dx
= −
∫
d3kρeff (k) · [Flux factor]
∫
dt
dσ
dt
· ν, (2.35)
where the medium is characterized by an effective density of partons with
momentum k
ρeff (k) =
2
3
ρquarks(k) +
3
2
ρgluons(k), (2.36)
and ν ≡ E − E ′, being E and E ′ the energy of the incident and emergent
parton. Assuming that the energy of the propagating parton is much larger
than the energy of the plasma constituents, E,E ′  k, the kinematics can be
simplified to
s = 2kE(1− cos θ), (2.37a)
|t| = s
(
1− E
′
E
)
= s
ν
E
, (2.37b)
Flux factor = 1− cos θ, (2.37c)
where s is the square of the center-of-mass energy and θ the angle between
the initial partons. Using these relations, the energy loss becomes
dE
dx
= −
(
2
3
)±1 ∫
d3kρeff (k)(1− cos θ)2piα2s
∫
dν
ν
E
s
, (2.38)
is now dependent on the integration limits, νmax and νmin. Since the consid-
erations up to now include only small momentum transfers5, Bjorken decided
to cut νmax = s/2. In addition, it may be unrealistic to integrate over all k as
it there may be screening effects in the infrared (IR) region and other kinds
of corrections. For that reason, Bjorken choose an IR regulator such that
|tmin|1/2 ≡ M , and consequently, kmin ' M and νmin ∼ M2/(2k). Neglecting
the variation of k in the logarithm and considering a plasma of temperature
T , the mean energy loss
dE
dx
= −2piα2s
(
2
3
)±
T 2 log
(
2 〈k〉E
M2
)(
1 +
nf
6
)
∝ −α2sT 2 log(E). (2.39)
5For large momentum transfers, the u-channel contribution, not considered in the current
approximations, becomes dominant.
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Following derivations with more careful considerations [Zakharov 2007, Peigne 2008]
confirmed this parametrical dependency, as well as the dominance of inelastic
processes over elastic for high energy and light partons.
2.3.2.2. Radiative energy loss
Nowadays, radiative energy loss is considered the main effect of jet quench-
ing, although it has its own limitations6. The parton that propagates through
the medium will suffer multiple soft scatterings with it, inducing extra gluon
radiation with respect to vacuum. An important effect to take into account
in this kind of propagation is the coherence effects that appear between emit-
ted quanta and emitter due to successive scattering centers with the medium.
This may lead to a destructive interference of gluon radiation [Wang 1995],
with respect to an incoherent sum of scattering centers. Such effect was first
derived in QED and is known as LPM (Landau-Pomenrachuk-Migdal) effect
[Landau 1953, Migdal 1956].
Coherence effects start to become important when the formation time of
the radiated gluon, τf , is much smaller than the mean free path λ, τf  λ.
The formation time is the time a radiated gluon needs to decohere from the
projectile, as this process is not instantaneous. This is achieved once the
phase between the projectile and the gluon wave function, ϕ, that is acquired
through multiple scatterings, is of the order of the unity [Salgado 2003]. By
other words, when the gluon becomes on-shell (k2 = 0):
ϕ =
〈
k2⊥
2ω
∆l
〉
& 1, (2.40)
where k⊥ is the transverse momentum of the gluon, ω its energy and ∆l the
distance that it travels during this time. Introducing the transport coefficient
parameter
qˆ =
k2⊥
λ
, (2.41)
that translates the amount of transverse momentum squared that the me-
dium transfers to the parton per mean free path. The transverse momentum
accumulated by the particle in the whole length of the medium, L, will be〈
k2⊥
〉acc
= qˆL. (2.42)
Inserting this relation into the decoherence phase (eq. (2.40)), one can easily
identify the characteristic energy of the gluons that decohere from its parent
6Namely, it predicts a different amount of energy loss for light and heavy quarks [Dok-
shitzer 2001, Armesto 2004, Wicks 2007], that is not confirmed in experimental data
[Abelev 2007, Abelev 2012b].
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parton,
ϕ & 1⇔ qˆL
2
2ω
& 1⇔ ω . ωc = 1
2
qˆL2. (2.43)
The formation time in vacuum, τform, is determined by the uncertainty
principle,
τform =
ω
k2⊥
. (2.44)
In medium, a coherence time can be defined by the amount of kicks that the
projectile receives from the medium, until it decoheres from its parent parton,〈
k2⊥
〉acc
= qˆτdec. (2.45)
Assuming that these times are approximately the same7, one can estimate the
coherence time to be:
τdec =
√
ω
qˆ
. (2.46)
The number of scatterings that act coherently to build up the gluon phase
is just Ncoh = τdec/λ. Taking the result from one single emission radiation
spectrum in vacuum, and as an estimate, assuming that the total radiation
spectrum is just a coherent sum of all scatterings, one finds that
ω
d2I
dzdω
' 1
Ncoh
ω
d2I(1)
dωdz
∝ αs
√
qˆ
ω
∝
√
1
ω
, (2.47)
and thus suppressed with respect to the characteristic spectrum in the vacuum
that goes with, ω−1.
The total energy loss will the integration of eq. (2.47) over the the available
phase space for the energy of the gluon, ω ∈ [0, ωc] and medium length,
l ∈ [0, L]:
∆E =
∫ L
0
dl
∫ ωc
0
ω
d2I
dzdω
∝ L√ωc ∝ L2. (2.48)
The total elastic energy loss has a linear dependency in L,
∆Eelastic =
∫ L
0
dx
dE
dx
∝ L, (2.49)
in opposition to the characteristic L2 dependence observed for radiative pro-
cesses. Consequently, for an extended medium, the energy loss by radiation
is dominant with respect to the elastic scatterings.
7In fact, with the calculation made in [Mehtar-Tani 2013b], it is clear that these times
are not exactly the same, since the radiated gluon will decohere faster in medium than in
vacuum due to the additional transverse momentum exchanged with the medium constitu-
ents.
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Figure 2.10: Schematic view of a radiative branching process from a hard
parton of momentum p, created in a hard parton-parton interaction (grey
blob), that takes place inside a coloured medium (pink rectangle) with length
L.
There are more general studies about jet quenching, that perform the cal-
culation of parton energy loss within the pQCD framework. The main ones,
are usually known by the names of the authors: BDMPS-Z [Baier 1997a,
Baier 1997b, Zakharov 1996, Zakharov 1997, Baier 1998a], ASW [Wiedemann 2000,
Salgado 2003, Armesto 2004], GLV [Gyulassy 2000, Gyulassy 2001], AMY
[Arnold 2001, Arnold 2002] and Higher-Twist (HT) approach, that was first
used by [Wang 2001, Majumder 2009]. All these models calculate the radi-
ative branching process of a highly energetic parton that travels through a
coloured dense medium, like shown in figure 2.10. In order to do so, some
assumptions and approximations about the medium nature, evolution of the
hard parton branching and interaction between the propagating parton and
the medium constituents must be made. In particular, it is assumed that:
The energy of radiated quanta, ω and energy of parent parton, E, are
much larger than the transverse momentum exchanged with the me-
dium, q⊥, what is usually called eikonal approximation. In addition
only soft gluon emissions are accepted, where E/ω = x  1 or ω  E
(except for AMY);
The radiation is collinear with respect to the emitter, which translates
into the kinematical condition ω  k⊥, where k⊥ is the gluon transverse
momentum;
The scatterings in the medium occur locally in a way that the mean
free path of the propagating particle, λ, is much larger than the Debye
screening length, µ−1: λ µ−1.
The differences among the different energy loss models come essentially
from the different approximations made to simplify the calculations. In the
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following, a brief description of each one will be given (for a direct comparison
between them, see [Armesto 2012a]).
BDMPS-Z/ASW The BDMPS-Z model was the first to be developed and
to use the path integral formalism to calculate the gluon radiation off a parent
parton. First derivations were made in the soft gluon limit, but afterwards,
the resulting splitting function was multiplied by a general pre-factor that
accounts for finite x corrections [Baier 1998a]. The model of ASW was built
within the same formalism, but include interference effects between vacuum
and medium-induced radiation.
In the two approximations, the medium is modeled as a collection of col-
oured static scattering centers, with a characteristic density distribution ρ.
Consequently, elastic energy loss is not taken into account. Also, the density
can have a dependency with time to account for the proper dilution charac-
teristic of the medium expansion. There are two approximations to model the
medium interactions: saddle point approximation (also called multiple soft
scattering or dipole approximation), employed by both models, or opacity ex-
pansion, that is only used by the ASW model [Wiedemann 2000]. In the first
approach, a multiple soft scattering process is assumed, where the medium is
characterized by only one parameter, the transport coefficient qˆ, translating
the average squared transverse momentum exchanged with the medium per
mean free path. The probability for a gluon to split in medium is given by
quenching weights [Salgado 2003]. The second approximation, is based on an
expansion in terms of the number of scatterings. In this case, the medium
must be characterized by two parameters, being the first related to the density
of the medium (density of scattering centers, n, or mean free path, λ), and the
second the Debye screening mass, µ. Usually the series is truncated at N = 1,
representing a single hard scattering with the medium. Due to its different
characteristic, the first approximation is more suitable for thick media, while
the second is expected to be valid for a thin one.
To account for multiple gluon emission, a repetition of the single emis-
sion kernel is performed, by using a Poissonian distribution. The subsequent
fragmentation is assumed to occur in vacuum.
GLV This approach uses the same model for the medium as previously de-
scribed, and an implementation of the opacity expansion that was done inde-
pendently from that of ASW, to characterize the interaction of the propagat-
ing partons. In most existing calculations only the leading term (N = 1) is
included, but the behavior of the gluon radiation spectrum at larger opacities
was explored in [Gyulassy 2002, Wicks 2008]. The same Poisson ansatz is
used to extrapolate from single gluon emission to multiple gluon emissions.
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AMY AMY describes partonic energy loss through field theory considering
a weakly-coupled medium in thermal equilibrium. The medium properties
are then characterized by a temperature T , and a baryon chemical potential,
µB. Although not originally included in the calculation, it was shown more
recently in [Caron-Huot 2010] that vacuum-like branchings could be addressed
within the same formalism. To evolve the branching of the leading parton
through the medium, this model make use of coupled rate equations between
quarks and gluons, a procedure that allows to evolve the emission probability
distribution as the leading parton loses its energy.
HT This formalism describes multiple gluon exchange between the pro-
jectile and the medium through expectation values of 2n-field correlation
functions. The medium properties are encoded in the higher-twist matrix
element, that factorizes from the nPDFs (nuclear PDFs). The evolution of
the parton branching is made using modified DGLAP evolution equations,
which includes the evolution in virtuality characteristic from vacuum. In this
way, interference effects between vacuum and medium-induced radiation are
taken into account.
In phenomenological applications, these theoretical models are usually re-
placed by a MC approach since they already include the generation of the
hard scattering process. The inclusion of jet quenching effects is normally done
through a modification of the routines that control the final partonic branching
up to some hadronization model. In this way, the access to phenomenological
studies of medium effects is not only constrained to the leading parton, but
to the full inclusive particle spectrum and/or full jets. Some of these gen-
erators include PQM [Dainese 2005], PYQUEN [Lokhtin 2006], Q-PYTHIA
[Armesto 2008, Armesto 2009], JEWEL [Zapp 2013], YaJEM [Renk 2008,
Renk 2009] and MARTINI [Schenke 2009, Schenke 2011]. They all use the
high energy event generator for pp collisions, PYTHIA 6 [Sjostrand 2006] in
fortran, or its more recent version in C++, PYTHIA 8 [Sjostrand 2008].
To account for the medium modifications characteristic of a AA colli-
sion, PQM, PYQUEN and Q-PYTHIA include radiative energy loss of type
BDMPS-Z/ASW. The implementation differ from model to model: for in-
stance, PQM uses BDMPS-Z quenching weights to calculate the in-medium
parton energy loss, while Q-PYTHIA modifies the vacuum splitting function
by adding an independent term, ∆P [Armesto 2008], such that,
Ptot(z) = Pvac(z)→ Ptot(z) + ∆P (z, t, qˆ, L, E), (2.50a)
∆P (z, t, qˆ, L, E) ' 2pit
αs
dImed
dzdt
. (2.50b)
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This term contains all the medium information, such as transport coefficient,
qˆ and medium length, L, where E is the energy of the parent parton and z
the fraction of energy carried away by the radiated gluon. The latter vari-
able is built in analogy with the vacuum one, by using the results of the
medium-induced gluon radiation spectrum, dImed/dzdt. Both codes imple-
ment a realistic collision geometry using Glauber model. They also define a
local qˆ parameter to account for the spatial distribution of the medium, as
well as its longitudinal and transverse expansion. PYQUEN, in opposition
to the previous models that modify the whole branching process, apply in-
stead an afterburner. This procedure consists in stopping the vacuum parton
shower before the hadronization to apply an effective energy loss to all par-
tons, while introducing soft gluons. The full heavy-ion event is obtained as a
superposition of soft hydrodynamic states, whose density is controlled by the
temperature of the quark-gluon fluid. Afterwards, the sequence is initialized
again with some fragmentation model with the modified input instead of the
vacuum one. Also, while PQM and Q-PYTHIA neglect elastic energy loss,
elastic scatterings with high-momentum transfer [Lokhtin 2000] are included
in PYQUEN.
JEWEL characterizes the medium as an ideal gas of quarks and gluons,
expanding in the longitudinal direction, although it can be interfaced with
any medium model. This MC does not make a distinction between elastic or
radiative energy loss. Instead, both are a possible outcome of the same scat-
tering process, and the emission with the shorter formation time is accepted.
All medium interactions are described at leading order by 2 → 2 QCD mat-
rix elements, that are extended into the non-perturbative region to account
for the soft scatterings. It also implements the LPM effect by a procedure
that adds a momentum transfer coherently to a gluon, and determines the
scale, t = θ2, of the associated radiation. The hadronization is unaffected by
the medium, but can be considered to include only the propagating jet or,
additionally, the recoiling scattering centers.
YaJEM uses PYTHIA as starting point as well, but the enhancement
of radiation induced by the medium is implemented through the increase of
virtuality of the leading parton. In this way, the available phase space for
the parton to radiate is larger than in vacuum, which effectively leads to the
softening of momentum distribution in the shower. Also, the lower scale to
stop the branching is modified with respect to vacuum.
Finally, MARTINI is based on PYTHIA 8, but the evolution of the final
parton branching is based on AMY transition rates, that contains an elastic
scattering component properly derived from first principles.
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2.3.2.3. New developments
Motivated by the new experimental capabilities of the LHC and the recent
results, several extensions to the standard calculations of energy loss have been
made recently. To account for quantum interference effects between the differ-
ent parton emitters when propagating through an extended coloured medium,
the setup of a qq¯ antenna has been considered [Mehtar-Tani 2011, Mehtar-
Tani 2013b, Mehtar-Tani 2012b, Mehtar-Tani 2012a, Casalderrey-Solana 2011a,
Armesto 2012b]. Several regimes have been identified, in particular, a new
contribution of vacuum-like radiation but where the angular ordering is op-
posed to the expected ordering characteristic from vacuum. In this situ-
ation, the two particles of the antenna are seen as independent sources of
emission. Studies made at [Beraudo 2012a, Beraudo 2012b, Aurenche 2011]
show that the decoherence of subsequent branchings leads to a modification
of the colour flow inside a jet with respect to vacuum. Consequently, the
particle distribution at the end of hadronization process will be correlated
with medium constituents in addition to correlations among the jet fragments.
Furthermore, new formalism based on soft collinear effective theory (SCET)
[Idilbi 2009, D’Eramo 2011, Ovanesyan 2011], that reconsider jet broadening
associated to the medium-induced gluon radiation have also been developed.
2.4. Jets and particles as observables
In the previous section, it was shown that HP are a powerful tool to study
the properties of the QGP. Its description in vacuum is quite well understood,
and several efforts are being made to accomplish such degree of knowledge
when the same process happens inside a medium with the properties of a QGP.
Among the several experimental probes that one can use to validate/refute a
given jet quenching model, jets are a useful signal to overcome the limitations
of hadronic based quantities and they are the main subject of this section.
A jet is a collection of collimated energetic hadrons that ideally are the
fragmentation products of a quark or gluon that was produced in the hard
scattering. For this reason, they can provide a time-spatial picture of the
branching process, that is not accessible in hadronic based quantities. How-
ever, there are a large amount of difficulties that one has to handle when
dealing with such objects. Experimentally, a jet corresponds to a collection
of particles that are detected in a limited region of the available phase space.
To avoid qualitative arguments, a jet can only exist if a jet definition, that
contains a set of rules of how to group particles into the jet, how to add its
energy-momentum, and what is the distance up to which the particles are
considered to be part of the jet, can be provided [Salam 2010]. Additionally,
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in a high-multiplicity environment as the LHC collisions, a subtraction pro-
cedure have to be performed to discount the pileup contribution (multiple pp
collisions in a given beam crossing), that act as a background to the hard
process of interest [Cacciari 2011]. This step is mandatory for a good energy
calibration of the signal.
At present, the LHC has provided a large amount of experimental data, in
particular the one related to fully reconstructed jets. Data with center of mass
energy per nucleon-nucleon collision of
√
sNN = 2.76 TeV in pp and PbPb were
already released, and new collisions at
√
sNN = 5.02 TeV have been studied
in proton-nucleus (pA) collisions. The amount of experimental data related
to heavy-ion physics is being analyzed by ALICE, CMS and ATLAS, that
already presented a large set of new particle and jet observables. An overview
of the results of interest for the elaboration of this work will be summarized.
2.4.1. Control measurements
In order to clearly identify the amount of quenching that takes place in
a AA collision, nuclear PDFs have to be well investigated as they present
deviations from those in nucleons. This allows to identify the effects that are
originated in the initial state of a AA collision, called cold nuclear effects and
deconvolute them from the final state ones (also termed hot nuclear effects). A
possibility to study these modifications is to consider a system like pA where
the production of a hot system is inexistent or negligible compared to AA
collisions8. For a given parton specie i, the nuclear modification factor RAi is
quantified through the ratio of the PDF of a nucleus A, fAi over the PDF of
the free proton fi,
RAi =
fAi
fi
. (2.51)
If RAi = 1, then no nuclear modifications are observed from proton to nucleus
initial state. Nevertheless, as one can observe from figure 2.11, the nuclear
modification factor has several changes in its behavior as the fraction of the
nucleon momentum carried by the considered parton, x, increases. The first
region, called nuclear shadowing, that goes up to x ' 0.05, is characterized
by a suppression of the number of partons in the nucleus PDF. With the
continuous growth that lasts up to x ' 0.1, there is an enhancement of partons
with 0.05 . x . 0.3, originating the antishadowing region. These two effects
can be tentatively interpreted as a sign of multiple scattering or recombination
of low-x partons in the nuclear wave function, as predicted by saturation
8This possibility may be compromised if there are strong collective effects in pA collisions
[Aad 2013b, Chatrchyan 2013a, Abelev 2013b].
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models to ensure unitarity, that will result in an enhancement of higher x
partons by energy-momentum conservation [Mueller 1986, Armesto 2006]. If
a parton has a given transverse momentum Q, by the uncertainty principle,
it will occupy an area of the order of pi/Q. This means that is possible to
calculate the maximum number of partons at this scale inside the nucleus,
NA, as [Kharzeev 2001]
NA ∼ SA
σ
∼ Q
2R2A
αs(Q2)
, (2.52)
where RA is the nucleus radius, SA the transverse area of the nucleus, SA ∼
piR2A, and σ ∼ αs(Q2)pi/Q2, the parton cross section. If the number of partons
becomes larger than NA, they start to overlap in space and interact among
each other. This equation also provides a definition for the saturation scale
Qs ∼ αs(Q2s)NA/R2A ∼ A1/3.
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Figure 1: An illustration of the fit function RAi (x) and the role of the parameters xa, xe, y0,
ya, and ye.
2.3 Experimental input and cross-sections
The main body of the data in our analysis consists of ! + A DIS measurements. We
also utilize the DY dilepton production data from fixed target p+A collisions at Fermi-
lab and inclusive neutral-pion production data measured in d+Au and p+p collisions
at RHIC1. Table 1 lists the sets included in our analysis and Fig. 2 displays their
kinematical reach in the (x,Q2)-plane. We will use the following notation:
RADIS(x,Q
2) ≡
1
A
dσlADIS/dQ
2dx
1
2
dσldDIS/dQ
2dx
, RAF2(x,Q
2) ≡ F
A
2 (x,Q
2)
F d2 (x,Q
2)
RADY(x1,2,M
2) ≡
1
A
dσpADY/dM
2dx1,2
1
2
dσpdDY/dM
2dx1,2
(6)
RpidAu ≡
1
〈Ncoll〉
d2NdAupi /dpTdy
d2Npppi /dpTdy
min.bias
=
1
2A
d2σdAupi /dpTdy
d2σpppi /dpTdy
.
The kinematical variables in DIS are the Bjorken-x and the virtuality of the photon Q2.
In DY M2 denotes the invariant mass of the lepton pair, and x1,2 ≡
√
M2/s e±y where
y is the pair rapidity. The inclusive pion production is characterized by the transverse
momentum pT and rapidity y of the outgoing pion. The average number of binary
nucleon-nucleon collisions (in the centrality class studied) is denoted by 〈Ncoll〉. In
this analysis we only consider minimum bias data, and do not focus on the transverse
coordinate dependence of the nPDFs. The kinematical cuts we impose on the data are
M2, Q2 ≥ 1.69GeV2 for DIS and DY, and pT ≥ 1.7GeV for inclusive pion production.
All cross-sections are calculated in the collinear factorization formalism folding the
1In contrast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged
hadron d+Au data here. These data will be separately discussed in Sec. 4.
4
Figure 2.11: Illustration of a fit function RAi (taken from [Eskol 2009]).
Then, an additional suppression, called EMC-effect [Aubert 1983], for
0.3 . x . 0.7 is observed. For these values of x, most of the energy is
carried by the valence quarks. Due to the higher density of neighbors in a
nucleus, the wave function may be distorted leading to a depletion on the
number of partons at the considered values of x. The highest part of the
distribution, when x → 1, is characterized by a sharp enhancement on the
nuclear modification factor. Although the momentum fraction is limited to
the total momentum of the nucleon, a given parton can always acquire an
x > 1 if it receives a kick from a parton of a different nucleon, due to the
Fermi motion of the nucleons inside a nucleus.
The function shown in figure 2.11 is usually obtained from global fits
performed to different sets of data that include DIS with nuclei and Drell-
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Yan production in pA, and there are several working groups that try to de-
scribe the nuclear modifications [Hirai 2007, Eskola 2009, Schienbein 2009, de
Florian 2012]. More recently, the dependency of nPDFs with the impact para-
meter using results from previous global fits was determined in [Helenius 2012].
Another control measurement includes electromagnetic probes, such as
direct photons, that do not interact strongly with the QGP and have a small
probability to rescatter after their production. There are several difficulties
associated with its detection as there are many sources of photon production.
Those of particular interest are the ones that are produced in annihilation
or Compton processes, since its momentum distribution is closely related to
the distribution of quarks and gluons that form the QGP [Wong 1995]. Nev-
ertheless, a large amount of photons are originated in the hard scattering,
that carry information of the distribution of quarks in the nucleon instead
of the ones that are part of the medium that is produced. Additionally, jet
bremsstrahlung, either inside or outside the fireball, and decay processes are
also sources that must be taken into account. Recent measurements from
CMS [Chatrchyan 2012b] show that the photon yield in AA is unmodified
with respect to pp collisions, considering different collision centralities and
different ranges of transverse energies. Consequently, one can assume that
the observed modifications at the particle and jet level, that are larger than
the ones observed from cold nuclear matter, are a consequence of the medium
that is produced in AA collisions.
2.4.2. Particle measurements
The simplest possible measurement in HIC is the observation of the spec-
trum of single inclusive hadron production with high transverse momentum,
pT . It is usually presented under the form of a nuclear modification factor
RAA, that is given by the ratio of the hadron yield in AA, dNAA/dpT over
the same quantity in pp, but scaled by the number of binary nucleon-nucleon
collisions in a AA collision, 〈Ncoll〉. Using the nuclear overlap function, 〈TAA〉,
the nuclear modification factor can be expressed as,
RAA(pT ) =
dNAA/dpT
〈TAA〉 dσpp/dpT . (2.53)
where dσpp/dpT is the cross section in pp collisions. This observable includes
modifications of both initial and final state, but by controlling the nPDFs from
pA collisions, it is possible to disentangle both effects. In the absence of nuc-
lear modifications of the initial state and final state effects, this factor should
be equal to unity. As seen in figure 2.12, where it is shown the nuclear modi-
fication factor for charged particles as measured by ALICE [Abelev 2013a] for
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several centrality bins, there is an evolution of the behavior of theRAA with the
centrality class, and with the hadron pT . For the most central collisions, the
nuclear modification factor is strongly suppressed for particles with pT ∼ 6−7
GeV (RAA ∼ 0.13) and then increase for higher transverse momentum up to
RAA ∼ 0.4. This suppression is much larger than the one expected from the
nPDFs, which indicates additional jet quenching effects that are present due
to the production of a hot and dense medium in the collision. Another ob-
servation that supports the picture of energy loss is the strong dependency
that is observed between the collision geometry and the suppression of the
hadron yield, that is less pronounced for more peripheral collisions. In a more
peripheral collision, the overlap region where the dense medium is formed is
smaller in extent and of smaller density. This translates into a smaller path
length of medium to be crossed by the fast parton, inducing in this way a
smaller amount of energy loss. Detailed studies on the RAA for D-mesons by
ALICE [Abelev 2012b] show a similar behavior.
Single particle measurements are, however, limited in their utility as there
are several indications that the medium effects take place at the partonic
level and not when the final state hadron is already formed. The connection
between the two is made through the FFs which means that the interpretation
of the process must be made in the context of a factorization between medium
effects and fragmentation. A more general framework that does not enforce
this strict separation, such as fully reconstructed jets, is more desirable.
2.4.3. Jet measurements
Jet quantities are directly sensitive to quenching effects at the same time
that they open new possibilities to include them as direct input objects into
physical analysis. QCD calculations predict a abundant rates of jets with
pT > 100 GeV/c in the pseudo-rapidity range |η| < 4.5, a region that is
easily accessible to the LHC detectors. They are usually produced in 2 →
2 processes, being the two jets emitted back-to-back. If the collision point
is other than in the central of the fireball, the jet that traverses a smaller
extension of medium will experience less energy loss with respect to the other.
The difference of momentum between the two jets can provide information
about the properties of the QGP that is produced.
Both ATLAS [Aad 2010] and CMS [Chatrchyan 2011, Chatrchyan 2012a]
probed this jet momentum suppression by computing the dijet asymmetry for
back-to-back jet pairs, AJ ,
AJ =
p1T − p2T
p1T + p
2
T
, (2.54)
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Fig. 2: Nuclear modification factor RAA of charged particles measured in Pb–Pb collisions in nine centrality in-
tervals. The boxes around data points denote pT-dependent systematic uncertainties. The systematic uncertainties
on the normalization which are related to 〈TAA〉 and the normalization of the pp data are added in quadrature and
shown as boxes at RAA = 1.
we studied a variation of the most abundant charged particle species (pions, kaons, protons) by ±30%
to match the measured ratios and their uncertainties [22]. The material budget was varied by ±7% [23],
and the secondary yield from strangeness decays in the Monte Carlo by ±30% to match the measured
dxy distributions. Moreover, we used a different event generator, DPMJET [24], to calculate MC cor-
rection maps. The systematic uncertainties on the pT spectra, related to the high-pT fake track rejection
procedure, were estimated by varying the track matching criteria in the range 25 < "2TPC−ITS < 49, and
amount to 1–4% (1–2%) in the most central (peripheral) collisions. The total systematic uncertainties on
the corrected pT spectra depend on pT and event centrality and amount to 8.2–13.5% (10.3–13.4%) in
the most central (peripheral) collisions.
A dedicated run of the LHC to collect pp reference data at √s = 2.76 TeV took place in March 2011.
Data taken in this run were used to measure the charged particle pT spectrum that forms the basis of the
pp reference spectrum for RAA. Using these data the systematic uncertainties in RAA related to the pp
reference could be significantly improved (Table 2) compared to the previous publication [15], allowing
for an exploration of high-pT particle suppression in Pb–Pb out to 50 GeV/c. More details about the pp
reference determination can be found in [16].
3 Results
The fully corrected pT spectra of inclusive charged particles measured in Pb–Pb collisions at √sNN =
2.76 TeV in nine different centrality intervals, and the scaled pp reference spectra are shown in Fig. 1.
Figure 2.12: Nuclear modification factor RAA of charged particles measured
in PbPb collisions for
√
sNN = 2.76 TeV in several intervals of centrality at
ALICE (figure from [Abelev 2013a]).
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where p1(2)T is the transverse momentum of the (sub)leading jet, both for cent-
ral and peripheral collisions. This variable represents the energy momentum
imbalance between the two jets: when AJ = 0, the jets are balanced and
when AJ increases, the jets start to become unbalanced. At the same time,
the azimuthal distribution of the dijet pair, ∆φ
∆φ = |φ1 − φ2|, (2.55)
where φ1(2) is the azimuthal angle of the (sub)leading jet, was investigated.
The results from CMS, that are displayed in figure 2.13, show an increasing
asymmetry with the centrality (black points) with respect to the pp results
(histogram), where no significant change is expected. The higher asymmetry
that is observed is for the most central collisions, which is consistent with the
degradation of parton energy in a dense medium. The effects of jet quenching
will be higher when the overlap region increases. At the same time, the azi-
muthal distribution seen in figure 2.14 was only slightly modified with respect
to pp collisions. This is an indication that the mechanism of jet quenching
should be able to degrade its energy, at the same time that the direction of
the jet is unmodified.
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ∆φ12 > 2π/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.
The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ∆φ12 > 2π/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ∆φ selec-
tion.
The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.
The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
3.1 Dijet properties in pp and PbPb data 15
0 0.5 1
Ev
en
t F
ra
cti
on
0.1
0.2 =7.0 TeVspp  
PYTHIA
CMS -1L dt = 35.1 pb!
, R=0.5TAnti-k
(a)
0
Ev
en
t F
ra
cti
on
0
20-30%
(d) 0.2 0.4 0.6 0.8 1
0.1
0.2 =2.76 TeVNNsPbPb  
PYTHIA+DATA
50-100%
(b)
Iterative Cone, R=0.5
-1bµL dt = 6.7 !
)T,2+pT,1)/(pT,2-pT,1 = (pJA
10-20%
e 0.2 0.4 0.6 0.8 1
0.1
0.2
30-50%
(c)
 > 120 GeV/cT,1p
 > 50 GeV/cT,2p
"3
2 > 
12
#$
0.2 0.4 0.6 0.8 1
0.1
0.2
0-10%
(f)
Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ∆φ12 > 2π/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.
The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ∆φ12 > 2π/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ∆φ selec-
tion.
The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
bala ced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet havi g a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.
The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, t is fraction drops by close to a fact r of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a signific nt impact on their fragmentation into final-state jets.
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ∆φ12 > 2π/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.
The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ∆φ12 > 2π/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all ev nts with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or ∆φ selec-
tion.
The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.
The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of l ss than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in th fraction of balanced jets with
collision centrality. hile the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
Figure 2.13: Dijet asymmetry ratio, AJ , for
√
sNN = 2.76 TeV PbPb collisions
in several entrality bins. CMS data are represented by black points, while
the histograms show PYTHIA events embedded into PbPb data (figure from
[Chatrchyan 2011]).
The energy that is lost outside of the jet can be recovered if one inspects
the area in t whole hase space. In order o do so, CMS computed the
projection
/p
‖
T
=
∑
tracksi
−piT cos(φi − φleadingjet), (2.56)
where piT is the transverse momentum of the track i, φi its azimuthal angle
and φl adingjet is th azimuthal angle of the leading jet. Negative contributions
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Figure 8: ∆φ12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.
120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
∆φ12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ∆φ12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(∆φ) with centrality is explained by the decrease in jet azimuthal angle resolution from
σφ = 0.03 in peripheral events to σφ = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.
3.1.3 Dijet momentum balance
To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,
AJ =
pT,1 − pT,2
pT,1 + pT,2
, (1)
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Figure 8: ∆φ12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.
120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
∆φ12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ∆φ12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulatio s. Part of the observed change
in RB(∆φ) with centrality is explained by the decrease i jet azimuthal angle resolution from
σφ = 0.03 in peripheral events to σφ = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between t e pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.
3.1.3 Dijet momentum balance
To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,
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Figure 8: ∆φ12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 G V/c for TeV pp co lisions (a) a d 2.76 TeV PbPb colli ions in several centrality bins: (b)
5 –100%, (c) 30–50%, (d) 20–30%, (e) 10–20% a d (f) 0–10%. Data are shown a black poi ts,
while the histograms show (a) PYTHIA vents an (b)-(f) PYTHIA events embedded into PbPb
dat . The error bars show the s atistical uncertai ies.
120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corr sponds to the median of the
∆φ12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are show as a function of the reaction c ntrality, given by the number
of p rticipat ng nucleons, Npart, as described in Secti n 2.3. This observable is not sensitive
to the shape of th tail a ∆φ12 < 2 seen in Fig. 8, but can be u ed to measure small changes
i the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulatio s. Part of the observed change
in RB(∆φ) wi centrality is explained by the d crease in jet azimuthal angle resolution from
σφ = 0.03 in peripheral events to σφ = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The ifference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominan ontribut on to the systematic uncertainties,
shown as brackets in Fig. 9.
3.1.3 Dijet momentum balance
To characterize the dijet moment m balance (or imbalance) quantitatively, we use the asym-
metry ratio,
AJ =
pT,1 − pT,2
pT,1 + pT,2
, (1)
Figure 2.14: Dijet azimuthal distribution, ∆φ, for
√
sNN = 2.76 TeV PbPb
collisions in several centrality bins. CMS data are represented by black points,
while the histograms show PYTHIA events embedded into PbPb data (figure
from [Chatrchyan 2011]).
come from particles in the side of the leading jet while positive contributions
come from t away- ide of th lead ng jet. A average was th n performed
to obtain the average missing transverse momentum,
〈
/p‖T
〉
. By integrating
over the hol event final stat th momentum bal nc is restor , as one can
observe from the black points of figure 2.15. Making a differential analysis in
pT bins, CMS observed that the recovery of the energy is made essentially by
low-pT particles. Differentia ing the particles that re inside a cone of R = 0.8
from the dij t axis from the ones out of this cone, like shown in figure 2.15,
one can observe that most of these soft particles are located at large angles
relative to the away side jet axis. This motivated several new jet quenching
phenomena based on thermalization proc ss s that drif away soft particles
out of the cone [Casalderrey-Solana 2011b].
The picture tha comes out from a p s ible interpretation f these data is
that high-pT partons lose energy in its way through the QGP, depending on
the path length traversed. The process of jet quenching is still not clear, but
the responsible mechanism should produce a large amount of soft particles
carrying the energy lost up to very large distances. After the hadronization,
these show r of particles produce jets that suffer d broadening ith respect to
pp collisions, but essentially with its direction unmodified. The fragmentation
process can be further investigated in order to understand what is the sharing
of partonic energy among the different constituents that will form colourless
objects, and most importantly, if like assumed by factorization, the process of
hadronization is modified by jet quenching mechanisms. This can be evaluated
if one compares the correlation between the charged-particle tracks within a
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for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, ￿￿p￿T￿, for tracks with pT > 0.5GeV/c, pro-
jected onto the leading jet axis (solid circles). The ￿￿p￿T￿ values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (∆R < 0.8) one of the leading or subleading jet cones
(left) and outside (∆R > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.
The figure also shows the contributions to ￿￿p￿T￿ for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to ￿￿p￿T￿ (i.e., in the direction of the leading jet)
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Figure 14: Average missing transverse momentum, ￿￿p￿T￿, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The ￿￿p￿T￿ values are shown as a function of dij t
asymmetry AJ for 30–100% centrality (left) and 0–30% centrality (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
Colored bands show the contribution to ￿￿p￿T￿ for five ranges of track pT. The top and bot-
tom rows show results for PYTHIA+HYDJET and PbPb data, respectively. For the individual pT
ranges, the statistical uncertainties are shown as vertical bars.
this study to include the |ηjet| < 0.8 and 0.5 < pTrackT < 1.0 GeV/c regions not accessible for the
study in Section 3.2. The leading and subleading jets were again required to have |η| < 1.6.
In Fig. 14, ￿￿p￿T￿ is shown as a function of AJ for two centrality bins, 30–100% (left) and 0–30%
(right). Results for PYTHIA+HYDJET are presented in the top row, while the bottom row shows
the results for PbPb data. Using tracks with |η| < 2.4 and pT > 0.5 GeV/c, one sees that indeed
the momentum balance of the events, shown as solid circles, is recovered within uncertainties,
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study i Section 3.2. The leading and subleading jets were again required to have |η| < 1.6.
In Fig. 14, ￿￿p￿T￿ is shown as a function of AJ for two centrality bins, 30–100% (left) and 0–30%
(right). Results for PYTHIA+HYDJET are presented in the top row, while the bottom row shows
the results for PbPb data. Using tracks with |η| < 2.4 and pT > 0.5 GeV/c, one sees that indeed
the momentum balance of the events, shown as solid circles, is recovered within uncertainties,
Figure 2.15: Average missing transverse momentum,
〈
/p‖T
〉
, as a function of
dijet asy metry AJ for 0 − 30% centrality for all phase space (right), inside
(∆ R < 0.8) one of the le ding or sub ading jet cones (middle) and outside
(∆ R > 0.8) the leading and subleading jet cones (left). coloured bands show
the contribu n to
〈
/p‖T
〉
for fiv range f t ack pT . The op gr phics show
results for PYTHIA+HYDJET while the bottom plots represent the PbPb
CMS data at
√
sNN = 2.76 T V (figure from [Chatrchyan 2011]).
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jet cone with the jet axis in PbPb and pp. The jet fragmentation function is
usually presented as a function of the variable
ξ = ln
(
1
z
)
, z =
ptr‖
pjet
, (2.57)
where ptr‖ is the momentum component of the track along the jet axis, and p
jet
is the total momentum of the jet. Preliminary results from CMS [Ma 2013]
are shown in figure 2.16, where a comparison between PbPb and pp is made
for different centralities, using tracks with pT > 1 GeV. In the most peripheral
collisions the jet fragmentation is compatible with pp, but as the centrality
increases, there is an enhancement at high ξ (low z), with a corresponding
suppression of intermediate pT particles. Still, the fragmentation of high-pT
particles is consistent with the high-pT jet fragmentation function in pp at
the same jet energy within uncertainties. This seems to indicate that the
hadronization process of the hard partons that form the jet is the same as in
vacuum.
14 8 Results
8.2 Fragmentation function analysis
Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.
Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio ris s to 2.2± 0.3(stat.)± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.
One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
14 8 Results
8.2 Fragmentation function a alysis
Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.
Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2± 0.3(stat.)± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles comp red to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.
One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
14 8 Results
8.2 Fragment ion function analysis
Figure 7 show frag entation functions reco structed in p and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
p reference, the co responding jet distribution is first smeared with the a ditional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.
Figure 7 shows tha the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-1 0% bin, the ratio of PbPb/ p is flat at unity which means no modi-
fication. However, an exce s in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/ p fragmen-
tation function ratio rises to 2.2± 0.3(stat.)± 0.7(syst.). This implies that for central collisions
t e spectrum of particles in a jet as an enhanced contributi n of soft particles compared to o e
from p collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with p. Jets have pT above 1 0 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its p reference. E ror bars are
statistical, and yellow boxes are the systematic uncertainty.
One can investigate in which track pT ranges the fragmentation functions exhibit an exce s by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the p-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to p-based
reference. The bottom panels show the difference of the two distributions, p subtracted from
PbPb, in order to quantify the exce s of tracks at a given pT. As a cro s check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The exce s that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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. r t i f ti l i
Fig re 7 sho frag entation f nctions reco str c e in p an b b ata for tracks ith pT
above 1 e c ithin ra i s 0.3 of the res ective jets. For the b b frag entation f nction,
the contrib tion fro the n erlying event is s btracte sing the η reflection etho . For the
p reference, the corres on ing jet istrib tion is first s eare ith the ad itional b b jet
resol tion e to the n erlying event, an then re- eighte to atc the jet istrib tion in
ata.
Fig 7 sho s that the o ification of the frag entation f nction of jets gro s ith the colli-
sion centrality. In the 50-100 bin, the ratio of b b p is flat at nity hich eans no o i-
fication. o ever, an excess in high ξ is observe for ore central events. In the ost central
0–10 collisions an for the lo est charge article o enta st ie , the b b p frag en-
tation f nction ratio rises to 2.2 0.3(stat.) 0.7(syst.). his i lies that for central collisions
t e s ectr of articles in a jet as an enhance contrib ti n of soft articles co are to o e
fro p collisions.
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Fig re 7: o ro sho s frag entation f nction in b b in bins of increasing centrality over-
lai ith p . Jets have pT above 100 e c, an tracks have pT above 1 e c. he b b
ata is sho n in the to ro in fo r increasing centrality bins fro left to right. he botto
ro sho s the ratio of each b b frag entation f nction to its p reference. rror bars are
statistical, an yello boxes are the syste atic ncertainty.
ne can investigate in hich track pT ranges the frag entation f nctions exhibit an excess by
lotting the track pT s ectra in the jet cone. hese istrib tions are obtaine ith the sa e the
backgro n s btraction escribe above an are co are to the p -base reference. Fig. 8
sho s the s ectra of tracks in the jet cone, backgro n s btracte an co are to p -base
reference. he botto anels sho the ifference of the t o istrib tions, p s btracte fro
b b, in or er to q antify the excess of tracks at a given pT. s a cross check, the res lt is
also co are to that obtaine fro an analysis of calori eter jets, hich is lay the sa e
behavio r. he excess that is observe at the high-ξ region of the frag entation f nctions is
localize at lo -pT tracks.
14 8 Results
8.2 Frag entation function analy is
Figure 7 show frag entation fun tions reco structed in p and PbPb d ta for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb frag entation function,
the contribution fro the underlying event i subtracted using the η reflection ethod. For the
p r f rence, the co responding jet distribution is first s eared with the a ditional PbPb jet
resolution due to the underlying event, and then re-weighted to atch the jet distribution in
d ta.
Figure 7 shows that the odification of the frag en ation function of jets grows with the co li-
sion centrality. In the 50-100 bin, the r ti of PbPb/ p is flat at unity which eans no odi-
fication. However, an excess in high ξ is observed for ore central events. In the ost central
0–10 co l sions and for the lowest charged particle o enta studied, the PbPb/ p frag en-
ation function ratio ri es to .2± 0.3(s at.)± 0.7(syst.). This i plies that for central co l sions
t e spectru f particles in a jet has an enhanced contribution of soft particles co par d t one
fro p co l sions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.
One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
14 8 Re ults
8.2 Fragmen atio functio nalysis
Figure 7 show fragmentation fu ctions reconstructed in pp and Pb dat for tracks with pT
above 1 GeV/c w thin radius=0.3 of th r sp ctive jets. For the Pb fragmentation fu ction,
the contributi n from the underlying event is sub racted using the η reflection meth d. For the
pp fer nc , the correspo ding je distribution is first sm ared wi the additional Pb jet
res lution due o the underlying eve t, and then r -weighted to ma c the jet dis ributio in
data.
Figure 7 shows at the modificati n of the fragmentatio fu cti n of jets gro s wit the colli-
sion centrality. I the 5 -100% bin, the ratio of Pb/pp is flat a unity w ich mea s n modi-
fication. However, an xcess in igh ξ is obs rved f mor central events. In the mos central
–10% c llisions and for the lowest charged particle omen a stu ied, the Pb/pp fragmen-
tation fu ction rat o rises to 2.2± 0.3(stat.)± 0.7(syst.). This mplies hat for centra c llisions
the spectrum of particles in a jet h s a e hanced con ributi n sof particles co pared to one
from pp c llisions.
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Figure 7: Top row shows fragmentation functio in Pb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The Pb
data is show in the top row in four increasing centrality bins from left to right. The b ttom
row shows the ratio of each Pb fragmentation function to its pp reference. E ror bars are
statistic l, and yellow boxes are the systematic uncertainty.
One ca investigate in w ich track pT ranges the fragmentation functions exhibit an xcess by
plotting the track pT spectra in the jet cone. These distributions are obtained wit the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The b ttom panels show the difference of the two distributions, pp subtracted from
Pb, in order to quantify the xcess of tracks t a given pT. As a cross check, th result is
als compared o that obtained from analysis of calorimet r jets, w ich display the same
behaviour. The excess that is obs rved at t e igh-ξ regi n of the fragmentation functions is
localized at low-pT tracks.
14 8 Re ults
8.2 Frag entatio functio analysis
Figure 7 how frag entatio fu cti ns recons ructed in pp a d PbPb data for tracks with pT
abov 1 GeV/c within radius=0.3 of the r spective jets. For the PbPb fragme tatio function,
the contr bution from the underlying event is sub racted using th η reflection meth d. For the
pp f r nc , the co respo ding jet distr bution i first smeared with the additional PbPb jet
resolution due to the underlying eve t, and th n r -w ighted to ma ch he je distribution in
data.
Figure 7 hows t at the modification of the fragmentatio fu ction of jets gro s with the co li-
sio cen rality. In the 5 -100% bin, the ratio of PbPb/pp is flat at uni y which means n modi-
fication. However, an xce s in igh ξ i obs rved for more central eve ts. In the most central
–10% co li io s and for th lowest charged particle momen a studi d, the PbPb/pp fragmen-
tatio fu ction at o rises to 2.2± 0.3(stat )± 0.7(syst.). This implies that for centra co li ions
th spectrum of particles in a jet s an e han ed contribution soft parti les comp red to one
from pp co li ions.
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Figure 7: Top row shows fragmentation function in PbPb i bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bo tom
row shows the ratio of each PbPb fragmentation function o its pp fer nce. E ror b s are
statistical, and ye low boxes ar the systematic uncer ainty.
One can inves igate in which track pT ranges the fragmentatio functions exhibit an exce s by
plo ting he track T spectra in the jet cone. These distributions are obtained with the sam the
background sub raction described above and are compared to the pp-based fer nce. Fig. 8
shows the spectra of tracks in the jet cone, background sub racted and compared to pp-based
fer nce. The bo tom panels show the di fer nce of he two distributions, pp sub racted from
PbPb, in o der to quantify the xce s of tracks at a given pT. As a cro s heck, the result is
also compared to that obtained from a analysis of calorimet r jets, which display the same
behaviour. The xce s that is obs rved at the igh-ξ regi n of the fragmentation functions is
localized at low-pT tracks.
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14 8 Results
8.2 Frag entatio fu ction analysis
Figure 7 ho frag tatio fu cti s rec ns ructed in p a d PbPb da a for tracks ith pT
above 1 e /c ith n radius=0.3 of th resp c ive jets. For the PbPb frag e tatio fu ction,
the con r buti n fro th underlying event i subtracted using th η reflection eth d. For the
p r fer nc , th correspo ding jet dis r but on i first s eared ith the a d tional PbPb jet
res lution due to th underlying eve t, and th n re- ighted o atch the je dis r bution in
data.
Figure 7 sho s t a the od fication o the frag e tatio fu ction of jets grows ith the co li-
sio cen rali y. In the 5 -1 0 bin, he ratio of PbPb/ p is fl t a u ity hich eans n odi-
ficati n. o ev r, an xce s in igh ξ i obs rved f ore central eve s. In the os central
0–10 c li io s and for the lo est charged particle o enta studi d, the PbPb/ p frag en-
tatio fu ction ratio rises to 2.2 0.3(stat.) 0.7(syst ). This i plies that fo centra c li ions
th spectru of particles in jet s an e han ed contr bution f soft parti les co p red to one
fro p c li ions.
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Fig re 7: T p ro sho s frag entatio functi n in PbP i bins of increasing cen rality over-
laid ith p. Jets have pT above 1 0 e /c, and tracks have pT above 1 e /c. The PbPb
data is sho n in the t p ro in four increasing c n rality bins fro lef to right. The bo to
ro sho s the ratio of each PbPb frag entatio functi n to its p ref r nce. Erro bars are
atistical, and ye lo boxes are the syste ati uncertainty.
ne can investigate in hich track pT ranges the frag entatio functions exhibit an exce s by
plo ting the track T spectra in the jet cone. These distr butions are obtained ith the sa e the
background subtraction described above and are co pared to the p-bas d refer nce. Fig. 8
sho s th spectra of tracks in the jet cone, background subtracte and co pared to p-based
r fer nce. The bo to panels sho the di fer nce of the t o distr butions, p subtracted fro
PbPb, in order to quan ify the xce s of tracks at a given pT. s a cro s heck, the result is
also co pared to tha obtained fro a analysis of calori et r jets, hich display the sa e
behaviour. The xce s that i obs rved a the igh-ξ regi n of the frag entatio functions is
ocalized at lo -pT tracks.
Figure 2.16: Ratio of the fragmentation functions in Pb b to its pp reference
in bins of increasing centrality (left to right) (figure from [Ma 2013]).
As in particle measurements, the inclusive yield of jets per event in PbPb
collisions is studied through the nuclear modification factor, but now relative
to the jet yield in pp interac i s, ormal zed to the averag numb r of binary
nucleon-nu l on collisions. An ther way of pre enting similar information, is
through t e ratio RCP ,
RCP ( ) =
1
Rcentcoll
 N
cent
jet (pT )
Ncentevt
N60−80jet (pT )
N60−80evt (pT )
 , (2.58)
that measures the relative jet yield in given centrality class cent in PbPb
collis ons versus the peripheral collisions repr sented by the entrality class
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60−80%. Rcentcoll is the ratio of the average number of collisions in the centrality
class chosen, 〈N centcoll 〉 over the average number of collisions in the 60 − 80%
centrality bin,
Rcentcoll =
〈N centcoll 〉〈
N60−80coll
〉 . (2.59)
The data released by ATLAS [Aad 2013a] can be observed in figure 2.17,
where there is an increasing suppression with centrality up to a maximum of
a factor 2 in central collisions, that is almost independent of the jet pT and
the jet radius, for R ≤ 0.4. Only when R = 0.5 the jet yield starts to be
recovered.
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Figure 7: Left: RCP in the 0–10% centrality bin as a function of jet radius for four bins of jet pT. Right: RCP as a function
of jet radius for four centrality bins for the pT interval 89 < pT < 103 GeV. The error bars indicate statistical errors from the
unfolding; the shaded boxes indicate point-to-point systematic errors that are only partially correlated. The solid lines indicate
systematic errors that are fully correlated between all points. The horizontal width of the systematic error band is chosen for
presentation purposes only. Dotted lines indicate RCP = 0.5, and the dashed lines on the top panels indicate RCP = 1.
9. Results
Figure 5 shows the RCP values obtained for
R = 0.2 and R = 0.4 jets as a function of pT in
four bins of collision centrality with three diﬀerent
error contributions: statistical uncertainties, par-
tially correlated systematic uncertainties, and fully
correlated uncertainties. The RCP values for all
centralities and for both jet radii are observed to
have at most a weak variation with pT. For the
0–10% centrality bin the RCP values for both jet
radii show a factor of about two suppression in the
1/Ncoll-scaled jet yield. For more peripheral colli-
sions, RCP increases at all jet pT relative to central
collisions, with the RCP values reaching 0.9 for the
50–60% centrality bin. A more detailed evaluation
of the centrality dependence of RCP for R = 0.4 jets
is presented in Fig. 6, which shows RCP vs Npart for
six jet pT bins. RCP decreases monotonically with
increasing Npart for all pT bins. The lower pT bins,
for which the data are more statistically precise,
show a variation of RCP with Npart that is most
rapid at low Npart. Trends similar to those shown
in Figs. 5 and 6 are observed for all jet radii.
The dependence of RCP on jet radius is shown in
Fig. 7 for the 0–10% centrality bin in four jet pT in-
tervals (left) and for diﬀerent centrality bins in the
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Figure 8: Ratios of RCP values between R = 0.3, 0.4 and
0.5 jets and R = 0.2 jets as a function of pT in the 0–10%
centrality bin. The error bars show statistical uncertainties
(see text). The shaded boxes indicate partially correlated
systematic errors. The lines indicate systematic errors that
are fully correlated between diﬀerent pT bins.
89 < pT < 103 GeV bin (right). For this figure,
the shaded boxes indicate the combined contribu-
tion of systematic uncertainties due to regulariza-
tion, xini, and eﬃciency, which are only partially
correlated between points. All other systematic er-
13
Figure 2.17: RCP (left) in the 0−10% centrality bin as a function of jet radius
for four bins of jet pT and (right) as a function of jet radius for four centrality
bins for the pT interval 89 < pT < 103 GeV (figure from [Aad 2013a]).
Before trying to interpret the results on the dijet measurem nt, one must
note that the analysis may suffer f om surface bias due to the procedure to
select the event. As the leading jet is selected with a pT > 120 GeV, one is
probably choosing a configuration in which the leading jet is closer to the edge
of the fireball. In this way the jet would experience less mechanisms of energy
loss, while the back-to-back j t has to traverse a significant amount of medium,
inducing a large amount f quenching. As a result, the observations made
with this kind of observable may result from biased samples that are strongly
imbalanced. In fact, to avoid this situation, new measurements involving
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photons or Z0 bosons that are produced back-to-back with a jet are being
used by LHC collaborations. The lack of statistics for this kind of particles
difficult significantly these measurements. Nevertheless, they make one of the
best triggers to be used to normalize the jet energy. As they cross the medium
unaffected, the baseline for the recoil jet is known and the interaction vertex
could be located in a random position inside the fireball. Results from CMS
and ATLAS from the run of 2011 with PbPb at
√
sNN = 2.76 TeV still have
a small statistics [Chatrchyan 2013b, ALTAS 2012], but the results seem to
indicate a strong effect of energy degradation of the recoil jet when going from
central to peripheral collisions. Furthermore, the yield of γ-jet events in PbPb
central collisions is reduced by a factor of 2 when compared to pp collisions,
in a similar way to the inclusive jet yield. With the new run of PbPb at√
sNN = 5.5 TeV, the analysis will be updated with more statistics and more
firm conclusions will be drawn.
Chapter 3
Finite Energy Corrections
Since it was proposed by Bjorken [Bjorken 1982], jet quenching has be-
come an essential tool to characterize the hot and dense QCD matter that is
produced in a HIC. Radiative energy loss mechanisms, suggested by Gyulassy
and Wang [Gyulassy 1994] 20 years ago, was one of the first steps towards the
understanding of the propagation of highly energetic particles through a dense
medium. Afterwards, several approaches (see chapter 2) tried to calculate the
medium-induced modifications to the q → qg splitting process, through an
arbitrary number of momentum exchanges with the medium.
Nevertheless, the new experimental results released by the LHC and RHIC
(see chapter 2) can raise difficulties to these jet quenching models. While
several achievements were made concerning the description of energy loss of
the leading particle with consequences on the observables related to leading
hadrons, some further developments are needed in order to have a complete
description of the in-medium parton shower. To account for a correct descrip-
tion of the new set of jet observables, several new physical effects must be
taken into account on the new jet calculus. Several efforts have been made
in this direction (see chapter 2). Some of them include the calculation of the
single emission process in a more general kinematical range. Two frameworks
are currently being investigated: a new framework, based on a soft and col-
linear effective theory, originally proposed by [Idilbi 2009], to describe the
dynamics of both radiative and elastic energy loss of highly energetic partons
through a medium, and the path-integral formalism, used by the BDMPS-
Z/ASW model. It is in the line of thought of the latter, that the work present
in this chapter was developed.
The calculation of medium-induced parton energy loss is carried out, in
the opposite kinematic limit of the ASW model (soft gluon emission) provid-
ing, in this way, an interpolating radiative spectrum between the two limits.
Subsequent works [Blaizot 2013] contain already a first step towards a com-
plete generalization of the dynamics of the in-medium splitting process, but
with some constraints on the formation time of the radiated parton. A gen-
eralization of this result, without the ansatz of small formation times, is also
computed in this chapter. Before presenting the results, it is given a small
introduction to the path-integral formalism used to describe the propagation
of highly energetic particles through a QCD medium. Although already sum-
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marily addressed in chapter 2, the ASW spectrum will be further discussed in
this chapter.
3.1. Propagation of high energetic particles in-
side a medium
To describe the jet quenching phenomenon, it is common to consider an
elementary hard collision, with a cross section computed by pQCD, that pro-
duces an energetic parton (quark or gluon) with a large transverse momentum,
pT , with respect to the beam direction. At high energy, the propagation time
of the parton through the surrounding matter can be considered much smal-
ler than the time scale of modifications of the medium. Thus, the medium
can be considered as a background field, whose interactions with the probe
are mediated by very soft gluons. Such modes induce a color rotation on the
parton wave function, usually denominated by eikonal phase [Kovner 2001].
This effect is described by what is designated a Wilson line1:
W (x0+, L+;x⊥) = P exp
{
ig
∫ L+
x0+
dx+A−(x+,x⊥)
}
(3.1)
where x⊥ is the transverse coordinate of the propagating parton, [x0+, L+]
the light-cone medium boundaries2 and A− ≡ Aa−T a the medium color field
components, placed in a given light-cone ordering P . In this approximation,
the recoil of the medium is neglected and no elastic energy loss is considered.
1
p p’p nï1p p 2 p nï2
x x x x nnï12
1
A A A A A A’1 2 nï2 nï1
...
Figure 3.1: Diagram representing multiple scattering of a high energetic quark
with static medium components, represented as a small dark blob.
A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton
1This expression corresponds to a fundamental representation of a fundamental Wilson
line
2The light cone variables are given by x± = (x0 ± x3)/
√
2 and x⊥ = (x1, x2).
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propagating in the positive z direction, the amplitude for the n-scattering
process, like shown in figure 3.1, is given by:
Sn =
∫
d4x1 · · · d4xn d
4p1
(2pi)4
· · · d
4pn−1
(2pi)4
ei xn·(p
′−pn−1)+ ···+ i x1·(p1−p)
× u¯(p′)ig /AA′An−1(xn)
i/pn−1
p2n−1 + iε
ig /AAn−1An−2(xn−1) · · ·
× i/p1
p21 + iε
ig /AA1A(x1)u(p),
(3.2)
where it was used the short notation AAiAj(xi) ≡ Aa(xi)T aAiAj and the notation
/p = pµγ
µ was also introduced.
In the high-energy limit, one can assume that the probe is not sensitive to
the longitudinal structure of the plasma. Thus, it is possible to neglect the
dependence of the medium fields on xi−, allowing, in this way, to perform the
integrations in xi− and pi+:∫
dxi−ei xi−·(pi−pi−1)+ = (2pi)δ(pi+ − pi−1+). (3.3)
The result will be a general (2pi)δ(p′+− p+) factor. Furthermore, choosing the
light-cone gauge, A+ = 0, one can approximate /pi /AAiAi−1 ' 2pi · AAiAi−1 '
2pi+AAiAi−1−. The average over the quark spin has to be taken into account
and so:
1
2
∑
λλ′
u¯(p, λ′)γµu(p, λ) = 2pµδλλ′ . (3.4)
Approximating p2i ' 2pi+pi− in the denominator, the pi⊥ components can be
integrated out resulting into two dimensional δ-functions. Equation (3.2) can
thus be written as:
Sn = (2pi)δ(p′+ − p+)2p+
∫
d2x⊥e−ix⊥·(p
′
⊥−p⊥)
∫
dxn+AA′A(n−1)−(xn+,x⊥)
×
n−1∏
i=1
∫
dxi+
dpi−
2pi
eipi−·(xi+−x(i+1)+)
i
p− + iε
AAiA(i−1)−(xi+,x⊥).
(3.5)
The final momentum integrations can be performed using the residue theorem:∫
dpi−
2pi
eipi−·(xi+−x(i+1)+)
i
pi− + iε
= Θ(x(i+1)+ − xi+). (3.6)
By using the fact that [Casalderrey-Solana 2007]:∫
dx1dx2 · · · dxnΘ(x2 − x1) · · ·Θ(xn − xn−1)A(x1) · · ·A(xn)
=
1
n!
P
[∫
dxA(x)
]n
,
(3.7)
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the n-scattering amplitude can be written as:
Sn = (2pi)δ(p′+ − p+)2p+
∫
d2x⊥e−ix⊥·(p
′
⊥−p⊥) 1
n!
P
[∫
dx+A−(x+,x⊥)
]n
.
(3.8)
The total scattering amplitude is just the sum over all scattering centers, n.
By doing so, the Wilson line given by equation (3.1) is recovered:
S =
∞∑
n=0
Sn = (2pi)δ(p′+ − p+)2p+
∫
d2x⊥e−ix⊥·(p
′
⊥−p⊥)W (x1+, xn+;x⊥) (3.9)
However, the eikonal approximation is only valid to describe the propaga-
tion of partons that follow a straight line. In some cases, these restrictions
need to be relaxed to allow some Brownian perturbations in the transverse
plane of the propagating parton. In this case, the Wilson line is replaced by
a Green’s function:
G(x0+,x0⊥;L+,x⊥|p+) =
∫ r⊥(L+)=x⊥
r⊥(x0+)=x0⊥
Dr⊥(ξ) exp
{
ip+
2
∫ L+
x0+
dξ
(
dr⊥
dξ
)2}
×W (x0+, L+; r⊥(ξ)),
(3.10)
where [x0+, L+] are the longitudinal boundaries of the medium and [x0⊥,x⊥]
the respective transverse coordinates of the propagating parton. The path-
integral corresponds to the motion of a free particle in a two dimensional
space, at the same time that its color phase is modified according to equation
(3.1).
Following the same ideas than the previous derivation, this propagator can
be identified by collecting the p2⊥ terms in the denominator, p2i = 2pi+pi−−p2i⊥.
Doing so, the integrals over pi− and pi⊥ are now replaced by:∫
dpi−
2pi
eipi−·(xi+−x(i+1)+)
i
pi− − (p2i⊥/(2pi+)− ε)
= Θ(x(i+1) − xi+)ei
p2i⊥
2pi+
·(xi−x(i+1)+),
(3.11a)
∫
d2pi⊥
(2pi)2
ei
p2i⊥
2pi+
·(xi+−x(i+1)+)e−ipi⊥·(xi⊥−x(i+1)⊥)
=
pi+
2pii(x(i+1)+ − xi+) exp
{
ipi+
2
(x(i+1)⊥ − xi⊥)2
x(i+1)+ − xi+
}
.
(3.11b)
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In the semi-classical approximation3, the result of equation (3.11b) corres-
ponds to the path-integral of a free particle:
G0(xi+,xi⊥;xi+1+,xi+1⊥|pi+)
=
∫ r⊥(xi+1+)=xi+1⊥
r⊥(xi+)=xi⊥
Dr⊥(ξ) exp
{
ipi+
2
∫ xi+1+
xi+
dξ
(
dr⊥
dξ
)2}
=
pi+
2pii(xi+1+ − xi+) exp
{
ipi+
2
(xi+1⊥2 − xi⊥2)
xi+1+ − xi+
}
.
(3.12)
Using the relation of equation (3.7) with the new terms, equation (3.10) is
recovered.
3.2. Averaging over a medium ensemble
From the considerations above, it is typical to assume that the medium
presents a frozen field configuration at each scattering that occurs with the
penetrating probe. However, the S-matrices derived in the previous sections
are only valid for a given configuration of the fields. Thus, in order to calculate
a cross section, one has to average over the total field ensemble that represents
the wave function of the medium. As any observable will involve colorless
combinations of Wilson lines, the simplest object to calculate is the average
of two Wilson lines, performed in a given longitudinal interval. This object
is like a measure of the color state of the medium at the time of interaction
with the probe.
There are several averaging prescriptions in the literature, but the two
that are mainly used in jet quenching calculations are the multiple scattering
approximation (also known as dipole approximation) [Wiedemann 2001] and
the opacity expansion [Wiedemann 2000, Gyulassy 2002]. In both of them, the
medium is pictured as a collection of independent scattering centers, randomly
distributed over the longitudinal and transverse directions, such that no color
flow appears between scattering centers separated by more than a distance
λ ∼ 1/µ, where µ is the Debye screening mass.
The simplest average that it is possible to calculate is the 2-point correla-
tion function:
1
N
Tr
〈
W †(x⊥)W (y⊥)
〉
=
1
N
Tr
〈
exp
{
−ig
∫
dx+A
†
−(x+,x⊥)
}
× exp
{
ig
∫
dx+A−(x+,y⊥)
}〉
.
(3.13)
3See [Feynman 1965] for the resolution of path-integrals in the semi-classical approxim-
ation.
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Within the approximations employed in this chapter, the field that is ex-
changed with each scattering center is small. Thus, if the exponents of equa-
tion (3.13) are expanded, the leading contribution is given by the quadratic
term since the linear term cancels due to the color trace:
1
N
Tr
〈
W †(x⊥)W (y⊥)
〉
=
〈
1 +
(ig)2
2
[∫
dx+A
†
−(x+,x⊥)
]2
+
(ig)2
2
[∫
dx+A−(x+,x⊥)
]2
−(ig)2
∫
dx+dy+A
†
−(x+,x⊥)A−(y+,y⊥)
〉
.
(3.14)
This expansion has the name of Gaussian approximation. A diagrammatic
interpretation of the resulting terms is illustrated in figure 3.2, where the first
two terms, designated by contact terms, are not able to resolve the color of
the dipole.
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Fig. 4. Different contributions to the dipole cross section
Eq. (39) is the first order in an opacity expansion of the medium, the sum
of all orders exponentiate and the average (33) can be written as
1
N
Tr〈W †(x⊥)W (y⊥)〉 # exp
{
−CF
2
∫
dx+n(x+)σ(y⊥ − x⊥)
}
(40)
Eqs. (39) and (40) are the two main medium averages used in the literature
of jet quenching. In order to proceed, the functional form of the dipole
cross section needs to be specified. In the opacity expansion a Yukawa-type
elastic scattering center with Debye screening mass µ is usually taken in
(37)
|a(q)|2 = µ
2
pi(q2 + µ2)
. (41)
When the number of scattering centers is very large, all of them need to be
resummed and the first orders of the opacity are not enough. In this condi-
tions, it is convenient to take the dipole cross section at leading logarithmic
accuracy [34] and write the small distance component of the cross section
σ(r) # Cr2 (42)
The proportionality factor C with the squared dipole size is usually taken to
be constant and defines the transport coefficient qˆ(ξ) ≡ 2√2n(ξ)C, encoding
all the information about the dynamical properties of the medium. This is
the main parameter to be determined by fits to experimental data and to
be compared with theoretical calculations. The Wilson line averages define
this parameter by5
1
N2 − 1Tr〈W
A†(x⊥)WA(y⊥)〉 # exp
{
− 1
4
√
2
∫
dx+qˆ(x+)(x⊥ − y⊥)2
}
.
(43)
5 The factor
√
2 is included here as the transport coefficient is usually defined in ordi-
nary coordenates, where the longitudinal distance for a ξ = z " x+/
√
2
Figure 3.2: Diagrammatic interpretation of the different contributions of equa-
tion (3.14) (figure taken from [Casalderrey-Solana 2007]).
Making a Fourier transform of the gluon field:
A−(x+,x⊥) =
∑
n
∫
d2q⊥
(2pi)2
ei(x⊥−xn⊥)·q⊥a−(q⊥)δ(x+ − xn+), (3.15)
the average 〈· · · 〉 is done by integrating over the longitudinal and transverse
coordinates of the medium components, (xn+,xn⊥). Identifying the dipole
cross sectio as:
σ(x⊥ − y⊥) =
∫
d2q⊥
(2pi)2
|a−(q⊥)|2e−iq⊥·(x⊥−y⊥), (3.16)
and inserting the longitudinal density of scattering centers, n(x+) =
∑
n δ(x+−
xn+), equation (3.14) can be reduced to:
1
N
Tr
〈
W †(x⊥)W (y⊥)
〉
= 1− CF
2
∫
dx+n(x+)σ(x⊥ − y⊥). (3.17)
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The result is the first order (N = 1) in an opacity expansion of the medium,
that translates the limit of a single hard scattering. This limit is relevant
for a small medium with weak fields, where the projectile will just have one
scattering. When the number of scattering centers increase, a re-sum to all
orders have to be performed. Doing so, and as long as the scattering centers
of equation (3.15) can be considered as independent, the result exponentiate
and the average can be written as:
1
N
Tr
〈
W †(x⊥)W (y⊥)
〉
= exp
{
−CF
2
∫
dx+n(x+)σ(x⊥ − y⊥)
}
. (3.18)
This is the result in the multiple soft scattering approximation, valid for an
opaque medium.
3.2.1. Opacity expansion
It is useful to make explicit a functional form of the dipole cross section. In
the opacity expansion, a Yukawa-like potential with a Debye screening mass,
µ is usually employed:
|a−(q⊥)|2 = µ
2
q⊥2 + µ2
, (3.19)
justifying, in this way, the approximation of independent scattering centers.
This approximation accounts for a systematic expansion in powers of [n(ξ)σ(x⊥−
y⊥)]N , where the full result is achieved by summing to all orders N . The
N = 0 does not present a dependence with the medium parameters, and so,
it corresponds to the vacuum contribution of the correlator given by equation
(3.13). The first order, N = 1, is given by equation (3.17), and corresponds
to the leading medium contribution, while higher order terms, N > 1 are
corrections due to coherence effects among successive scattering centers. For
an thin medium, an application of this approximation scheme to the compu-
tation of the medium-induced inclusive gluon radiation [Gyulassy 2001] shows
that the dominant contribution comes from the first order. Thus, within this
approximation, the spectrum of medium-induced gluons can be interpreted
as being a consequence of hard momentum transfers from a single scattering
center of the medium.
3.2.2. Multiple soft scattering approximation
In the multiple soft scattering approximation, the Brownian motion per-
formed by the hard parton, that is induced by a large number of soft scat-
tering centers, generate mild changes in the transverse direction of the probe.
Therefore, the main contribution to the the dipole cross section comes from
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the lowest order term in the Taylor expansion [Nikolaev 1991], σ(r⊥) ∝ x⊥2.
Up to leading logarithmic accuracy, it can be written as [Zakharov 1996, Za-
kharov 1998]:
n(x+)σ(r⊥) ' 1
2
qˆr⊥2, (3.20)
where the transport coefficient qˆ [Baier 1997a], encodes all the information
about the dynamical properties of the medium. This is the main parameter
of this approximation and, although it is possible to estimate from theor-
etical calculations [Arnold 2008, Baier 2008, Majumder 2012, Benzke 2013,
D’Eramo 2013], it is usually taken as a phenomenological parameter to be
extracted from data [Bass 2009, Armesto 2010].
Usually, the transport coefficient is identified as being the average trans-
verse momentum squared, 〈k2⊥〉, per mean free path, λ. Considering a static
medium:
qˆ =
〈k2⊥〉
λ
. (3.21)
However, in a AA collision, the medium is rapidly expanding. The density of
scattering centers is expected to increase up to a maximum value, qˆ0, when
the formation time of the plasma, x0+, has been reached, followed by a fast
reduction, mainly due to the longitudinal expansion of the created matter.
In this case, the transport coefficient can be parameterized as [Baier 1998b,
Salgado 2004]:
qˆ(x+) = qˆ0
(
x0+
x+
)α
, (3.22)
where α = 0 corresponds to the static medium and α = 1 to a one-dimensional
longitudinal expansion.
It should be noted that the two approximations mentioned in this sec-
tion are limiting cases of the same expression. Although they make different
assumptions about the main medium effects (one effective hard scattering
or multiple soft scatterings), they lead to physically similar results for the
medium-induced soft gluon radiation spectrum [Salgado 2003].
3.3. Soft gluon emission spectrum
One of the building blocks of jet quenching calculations is the computa-
tion of medium-induced gluon radiation off an energetic parton that travels
through a dense medium. From this quantity, one can compute the amount
of energy lost by the initial parton, and from that, infer the properties of
the QCD matter that was created in the HIC. The BDMPS-Z/ASW model
use the formalism presented before to calculate such observable, in the limit
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of soft gluon emissions. Being so, the process that is under consideration is
illustrated in figure 3.3, where a very energetic quark radiates a gluon with
a small fraction of the initial energy, z  1. The energy of the initial quark
is p+, k+ is the energy carried by the radiated gluon, while the final quark
remains with an energy given by p+ − k+. The h represents the matrix ele-
ment that describes the hard process that originates the propagating quark,
and the black blobs represent the scatterings with medium constituents.
h p+ p+ − k+ = (1− z)p+
k+ = zp+
Fig. 22: The medium-induced gluon radiation diagram
One of the main issues in this type of analysis is to compute the medium averages (82) for which
several prescriptions exist. For a medium in which a large number of scattering centers interact with the
propagating parton, an opaque medium, a widely used approximation is
1
N2 − 1Tr〈W (x)W (y)〉 $ exp
{
−1
4
∫
dξqˆ(ξ)(x− y)2
}
. (83)
This defines the transport coefficient, qˆ, as the prefactor of the typical small-distance r2-dependence
of QCD dipole cross-sections. This prescription corresponds to propagating partons which describe
Brownian motion in the transverse plane characterized by qˆ. The transport coefficient can, hence, be
interpreted as the average transverse momentum squared per mean free path:
qˆ $ 〈k
2
T 〉
λ
. (84)
For the jet quenching calculations in the previous sections, we need to compute the medium-
induced gluon radiation. This implies the propagation particle with large energy E, let us say a quark,
which radiates a soft gluon with energy ω % E at a small angle θ $ k⊥/ω. The typical diagram to be
computed can be seen in Fig. 22 where the blobs represent scattering with the background field. Figure
22 contains the propagation of three particles in the medium, the initial quark and the produced gluon and
quark. Each of these propagations are described by (80) — in fact, the quark is considered completely
eikonal, E → ∞, so that the Wilson line (81) describes the propagation. In these conditions, the only
non-perturbative object is the average of the Wilson line (82). The final result takes a very compact form
ω
dI
dωd2k⊥
=
αSCR
(2pi)2ω
2Re
∫ L+x0
x0
dx
∫
d2x e−ik⊥·x
[
1
ω
∫ L+x0
x
dx¯ e−
1
2
R L
x¯
dξn(ξ)σ(x) ×
× ∂
∂y
· ∂
∂x
K(y = 0, x;x, x¯)− 2k⊥
k2⊥
· ∂
∂y
K(y = 0, x;x, L)
]
+
αSCR
pi2
1
k2⊥
, (85)
where
K (r(x), x; r(x¯), x¯|ω) =
∫
Dr exp
[
i
ω
2
∫ x¯
x
dξ
([
dr
dξ
]2
+ i
qˆ(ξ)
2ω
r2
)]
(86)
corresponds to a 2-dimensional harmonic oscillator with time-dependent imaginary frequency. In Eq.
(85) the three terms correspond to (i) the gluon emitted inside the medium in both amplitude and conju-
gate amplitude; (ii) the emission inside the medium in amplitude and outside the medium in conjugate
amplitude; (iii) and when the gluon is emitted outside the medium in both amplitude and conjugate
amplitude (see Fig. 23).
The last contribution corresponds to the vacuum radiation which is normally subtracted to define
the medium-induced gluon radiation as
ω
dI
dωd2k⊥
= ω
dImed
dωd2k⊥
+ ω
dIvac
dωd2k⊥
. (87)
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Figure 3.3: Medium-induced gluon radiation diagram (figure taken from
[Casalderrey-Solana 2007]).
Since the limit of z  1 is considered, the propagating quarks (initial and
final) are considered to have an eikonal propagation, and so, are described by
a Wilson line (equation (3.1)). On the other hand, the gluon have its traject-
ory in the transverse plane corrected by Brownian motion, and consequently,
described by a Green’s function (equation (3.10)). For the calculation of the
total spectrum, two contributions must be accounted for: when the gluon
does not interact with the medium after its emission; and when all particles
propagate inside the medium, as shown in figure 3.3. This can be done by con-
sidering separately two amplitudes [Casalderrey-Solana 2007], each describing
one of the possible situations. In this case, they are respectively described by:
Mq = −2gT ak⊥ · ε⊥
k2⊥
∫
dx⊥e−i(k⊥)·x⊥W (x0+, L+;x⊥)u(pf ) (3.23a)
Mg = − 2g
k+
∫
dx+dx⊥2e−ik⊥·x⊥W (x+, L+;0⊥)T b
× ε⊥ · ∂
∂y⊥
Gb(x+,y⊥ = 0⊥;L+,x⊥|k+)W (x0+, L+;0⊥)
(3.23b)
where k⊥ is the transverse momentum of the gluon, x⊥ its transverse coordin-
ate and the limits of the longitudinal integration are fixed to the medium
length, [x0+, L+]. Instead, one can consider just the process described by
equation (3.23b), but taking the full integration interval from [−∞,∞], and,
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at the level of the cross section, after multiplying the amplitude by its com-
plex conjugate, split the longitudinal integrals into six parts, like done in
[Wiedemann 2001, Kovner 2001]. The results are equivalent and three contri-
butions to the total spectrum are identified. A diagrammatic interpretation
is shown in figure 3.4 where, from the last diagram, the vacuum gluon ra-
diation spectrum is recovered. The other two terms are recognized as the
medium-induced gluon radiation, that can be written as:
k+
dImed
dk+d2k⊥
=
αsCF
(2pi)2k+
2Re
{
1
k+
∫
dx+dx¯+dx⊥e−ik⊥·x⊥ e−
1
2
∫
dξn(ξ)σ(x⊥)
× ∂
∂y⊥
· ∂
∂x⊥
K(x+,y⊥ = 0; x¯+,x⊥|k+)
+
∫
dx+dx⊥e−ix⊥·k⊥ 2
k⊥
k⊥
2 ·
∂
∂y⊥
K(yx+,y⊥ = 0;L+,x⊥|k+)
}
,
(3.24)
being x+ and x¯+ the longitudinal coordinates in the amplitude and complex
conjugate amplitude respectively. The local medium average that includes a
path-integral was abbreviated into:
K(x+,x⊥; y+,y⊥|k+) = 1
N2 − 1Tr
〈
G(x+,x⊥; y+,y⊥|k+)W †(x+, y+;0⊥)
〉
=
∫ r⊥(y+)=y⊥
r⊥(x+)=x⊥
Dr⊥(ξ)
× exp
{∫ y+
x+
dξ
[
ik+
2
(
dr⊥
dξ
)2
− 1
2
n(ξ)σ (r⊥)
]}
.
(3.25)22 lectures˙jq printed on February 2, 2008
+ +
Fig. 8. The three contributions to the squared amplitude of the medium-induced
gluon radiation. The dashed line is the cut indicating the final outgoing particles.
We have made explicit the color matrix T b at the radiation vertex while it
is included as a redefinition of the external fields in the rest of the cases as
done in previous sections. We are interested in the case where the quark is
completely eikonal, so, we fix y⊥ = 0 to get
Mradg = −
2g
k+
∫ L+
x0+
dx+
∫
dx2⊥e
−ik⊥·x⊥W (0;x0+, x+)×
×T b!⊥ · ∂
∂y⊥
Gb(y⊥ = 0, x+;x⊥, L+)W (0;x+, L+) (68)
The total amplitude for the medium-induced gluon radiation is then the
sum of (60) and (68)
Mrad = Mradq +Mradg . (69)
We will now compute the spectrum of radiated gluons in the presence of
a medium, including all the relevant color factors to perform the medium
averages.
5.2. The medium-induced gluon radiation
The locality of the medium averages – see also below – allows for a simple
diagramatical interpretation, in which three different cases appear when
the amplitude (69) is squared depending on the position of the radiation
vertex: when the gluon is emitted inside the medium in both amplitude and
conjugate amplitude; when it is emitted inside the medium in amplitude and
outside the medium in conjugate amplitude; and finally when the gluon is
emitted outside the medium in both amplitude and conjugate amplitude –
see Fig. 8. We take the case that x+ < x¯+ to obtain – see eqs. (71)–(76)
〈|Ma→bc|2〉 = g
2
N2 − 12Re
[
1
k2+
∫ L+
x0+
dx+
∫ L+
x+
dx¯+
∫
dxdx¯ eik⊥(x−x¯) ×
Figure 3.4: Diagramatic illustration of the contribution to the total radiation
spectrum (figure taken from [Casalderrey-Solana 2007]). The dashed line is the
cut that separates the amplitude (left-hand side) from its complex conjugate
(right-ha d side).
To solve equation (3.25), an average prescription from the previous section
can be applied. The final expressions of both approximations can be found
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in [Salgado 2003]. This allows to compute the double-differential medium-
induced gluon radiation spectrum. Numerical results considering a static me-
dium, as a function of the variables ωc ≡ qˆL2/2 and κ2 ≡ k2⊥/(qˆL), are shown
in figure 3.5 [Casalderrey-Solana 2007].
+ +
Fig. 23: The three contributions to the squared amplitude of the medium-induced gluon radiation. The dashed line
is the cut indicating the final outgoing particles.
Fig. 24: Left: numerical results for the medium induced gluon radiation spectrum ωdImed/dωdk2⊥ [Eqs. (85) and
(87)] of a quark in a static medium as a function of the dimensionless variables (88). Right: Same but integrated
in k⊥ < ω
The spectrum (85) with the vacuum subtraction (87) is the building block of the calculations presented
in Section 6.4.
7.1 Heuristic discussion
In Fig. 24 we present the results for the double-differential medium-induced gluon radiation spectrum
for a quark traversing a static medium of length L. The results are given as a function of the variables
ωc ≡ 1
2
qˆ L2 , κ2 ≡ k
2
⊥
qˆL
. (88)
One important feature of the spectrum is the presence of small-k⊥ and large-ω cuts which can be under-
stood by the formation time of the gluon,
tform " 2ω
k2⊥
, (89)
which is controlled by the dynamical term in the path integral (80). To see this we can expand the path
integral in the number of scatterings
G(x, t0;y, tf ) = G0(t0 → tf ) +G0(t0 → t1)igA(x1)G0(t1 → tf ) +
+
1
2
G0(t0 → t1)igA(x1)G0(t1 → t2)igA(x2)G0(t2 → tf ) . . . (90)
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Figure 3.5: Numerical results for the (left) double-differential medium-induced
gluon radiation spectrum given by equation (3.24), and (right) the medium-
induc d gluon radiation spect um integrat d in k⊥ < ω ≡ k+ (figure tak n
from [Casalderrey-Solana 2007]).
As one can observe, the medium-induced spectrum does not present a
collinear divergency (the spectrum is finite for small values of κ2 ∝ k2⊥).
Furthermore, the ASW model corrects the IR divergency characteristic of the
BDMPS spectrum due to consider a finite extension of medium instead of an
infinite one. Nonetheless, as the energy, ω ≡ k+, increases, the two results
coincide and the spectrum goes to zero at large ω. These features can be
understood by the formation time of the gluon when inside a medium:
tform ' 2ω
k2⊥
. (3.26)
This expression can be deduced from the free propagator in equation (3.12),
where a coherence length lform = t−1form = p
2
i⊥/(2pi+) can be defined. When
tform >> (xi+−xi+1+), the phase is very small. The result can be interpreted
as if the interaction took place with a single scattering center, that has the
extension of the whole medium. Consequently, the exchange of momenta
is restricted and therefore, the spectrum of radiated gluons decreases. This
is a generalization of the LPM effect in QCD. On the opposite limit, the
number of scattering centers are successfully resolved by the probe and the
total spectrum is given by an incoherent sum of every single contribution.
54 Chapter 3. Finite Energy Corrections
3.4. Medium-induced emissions of hard gluons
The new results from the LHC and RHIC seem to be not fully compatible
with the standard description of jet quenching accomplished so far. Never-
theless, none of the current jet quenching models, in particular the BDMPS-
Z/ASW model, was completely discarded so far, and there is space for im-
provement. Namely, although the soft gluon radiation is the dominant contri-
bution, access to non-soft energy carried away by emitted partons can give a
more correct estimate of the total energy loss. For this reason, in the present
section, the calculation of the medium-induced spectrum of hard gluons will
be carried out, within the same path-integral formalism. Thus, one of the
final particles, in this case, the gluon, has its movement still constrained in
the transverse plane. By comparing both limits, an interpolation of the en-
ergy spectrum that contains both limiting cases is identified. Some numerical
results are also presented by employing the multiple soft scattering approx-
imation to solve the medium averages.
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1. Introduction
In ultrarelativistic heavy-ion collisions, a hot and dense medium
is produced. One of the most important probes of this medium is
the production of hadrons and jets with high transverse momen-
tum that undergo energy loss processes. This leads to a collection
of phenomena, usually referred to as jet quenching (reviews of
the main models can be found in [1–3]), which have been already
observed in heavy-ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) (
√
sNN = 200 GeV), such as the suppression of high-pT
hadron spectra, and of di-hadron and γ -hadron correlations, see
e.g. [1,2,4–6] and references therein.
Now, with the heavy-ion program at the Large Hadron Col-
lider (LHC), the current Pb–Pb collision energy is much larger
(
√
sNN = 2.76 TeV) and, thus, observables characterized by semi-
hard and hard scales are produced more abundantly. Some striking
results have already been measured: the observation of a strong
asymmetry in dijet transverse energy [7–9], and a strong nuclear
suppression of high-pT light [10,11] and heavy [12] hadrons. The
magnitude of these features at high energies strongly indicates the
importance of a good description of high transverse momentum
observables like jets.
The most commonly used jet quenching models describe the
changes in hadron spectra and jet properties in terms of radia-
tive energy loss processes [13,14,17–20]. This kind of approaches
neglects the energy transferred to the medium (recoil) and usu-
ally works in the limit of soft gluon emissions i.e. calculations of
* Corresponding author at: Departamento de Física de Partículas and IGFAE, Uni-
versidade de Santiago de Compostela, E-15782 Santiago de Compostela, Galicia,
Spain.
E-mail addresses: lilianamarisa.cunha@usc.es (L. Apolinário),
nestor.armesto@usc.es (N. Armesto), carlos.salgado@usc.es (C.A. Salgado).
the medium-induced gluon radiation spectrum are made in the
limiting case where the gluon carries a small fraction x of the
energy of its parent parton (x → 0). The implications of such lim-
itation on the computation of physical observables are discussed
at length in [3]. Nevertheless, the original techniques in [13,14,17]
can be extended beyond the limit x → 0. This extension was stud-
ied for the case of the energy distribution in the BDMPS limit1
in Refs. [14–16,20,21]. Here we will present results beyond the
BDMPS limit for the case of a hard gluon emission; some attempts
in a similar direction can be found in [22,23].
In this work, we use the path-integral formalism [15–17,24–
27] to compute a ﬁnite-energy correction for hard gluon emissions
off a quark inside a medium by studying the limiting case x → 1.
Afterwards, we generalize the result, in a heuristic manner, to in-
clude the already known limit of soft gluon emission. The Letter is
organized as follows. In the next section we will provide a small
review of the medium-induced gluon radiation spectrum in the
limit of soft gluon emissions, as well as the formalism used. Our
calculation of the ﬁnite-energy correction will also be made in this
section. In Section 3 we will present the analytic results within
the multiple soft scattering approximation [13,15] for the ﬁnal in-
terpolation expression and the numerical discussion will be made
in Section 4. Finally, in Section 5 a summary and future prospects
will be presented.
Let us note that information about the size of ﬁnite energy cor-
rections to medium-induced gluon radiation is badly needed in
order to put the existing Monte Carlo models for jet quenching,
1 We deﬁne the BDMPS limit as the one where L → ∞ with ω/ωc ﬁnite, and
ωc = 12 qˆL2, see [24] for details. Here qˆ is the transport coeﬃcient encoding the
properties of the medium, L its length and ω the energy of the radiated gluon.
Formally, this limit is equivalent to integrating the gluon transverse momentum up
to inﬁnity, neglecting the kinematic constrains.
0370-2693/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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Fig. 1. Radiation process of a gluon off a quark with the corresponding kinematical
variables.
which automatically include energy–momentum conservation —
see e.g. [28–30], on more solid grounds. Together with research on
the role of interferences from different emitters in the QCD shower
[31–35], and the effects of color exchanges with the medium
[36,37], they constitute one of the main avenues in the recent
developments of the theory of energy loss processes in a QCD
medium.
2. Medium-induced gluon radiation
Consider the inelastic process shown in Fig. 1. A quark of 4-
momentum2 p, p⊥ = 0, coming from a hard process with am-
plitude Mh , emits a gluon of 4-momentum k with +-component
k+ = xp+ and transverse momentum k⊥ .
Inside a medium, partons undergo multiple scattering. In the
high-energy limit, the parton essentially conserves its energy and
the effect of the medium is only a rotation of its color ﬁeld, thus
acquiring an eikonal phase. In this situation, a convenient way of
describing the parton propagation is using Wilson lines,
W (x0+, L+;x⊥) = P exp
{
ig
L+∫
x0+
dx+ A−(x+,x⊥)
}
, (1)
which describe the propagation of a particle through a medium
with longitudinal boundaries at [x0+, L+] and color ﬁeld A− . As
for the less energetic parton, the restrictions of the above formula
need to be relaxed to allow some motion in the transverse plane
of the propagating particle (see e.g. [26,27] and references therein).
By doing this, the Wilson line is replaced by the path integral
propagator from x+ , x0⊥ to L+ , x⊥ ,
G(x0+,x0⊥; L+,x⊥|p+)
=
r⊥(L+)=x⊥∫
r⊥(x0+)=x0⊥
Dr⊥(ξ)exp
{
ip+
2
L+∫
x0+
dξ
(
dr⊥
dξ
)2}
× W (x0+, L+; r⊥(ξ)), (2)
which associates a Brownian motion of the particle in the trans-
verse plane at the same time that its color ﬁeld is rotated.
2.1. Soft limit: x → 0
Considering the soft gluon emission limit (x → 0), there are two
contributions for the total amplitude: the case where the gluon
does not interact after it is emitted (Fig. 2(a)), and the case where
the radiation vertex is inside the medium (Fig. 2(b)).
This means that the total amplitude is given by
Mx→0tot = Mx→0q + Mx→0g , (3)
2 We will use light-cone coordinates deﬁned as a = (a0,ax,ay ,az) = (a+,a−,a⊥)
with a± = (a0 ±az)/
√
2 and a⊥ = (ax,ay). Furthermore, CA = N and CF = (N2 −1)/
(2N) are the quadratic Casimirs in the adjoint and fundamental representations re-
spectively, with N the number of colors.
where Mx→0q describes the diagram of Fig. 2(a) and Mx→0g de-
scribes the diagram of Fig. 2(b). Thus, the double differential spec-
trum of medium-induced radiation in this limit reads
k+
dItot
dk+ d2k⊥
∣∣∣∣
x→0
= 〈|M
x→0
tot |2〉
2(2π)3
= k+ dI
vac
dk+ d2k⊥
∣∣∣∣
x→0
+ k+ dI
med
dk+ d2k⊥
∣∣∣∣
x→0
, (4)
where 〈O〉 denotes the medium average of O, see e.g. [26,27] and
O makes reference to the spin and color averages. The vacuum
contribution is recovered from 〈|Mx→0q |2〉:
k+
dIvac
dk+ d2k⊥
∣∣∣∣
x→0
= αsC F
π2
1
k2⊥
. (5)
The medium contribution comes from the diagram in Fig. 2(b)
with its own complex conjugate (〈|Mx→0g |2〉), usually called gluon
term, and from this same diagram with the complex conjugate of
diagram in Fig. 2(a) (〈Mx→0g (Mx→0q )†〉), denoted interference term3:
k+
dImed
dk+ d2k⊥
∣∣∣∣
x→0
= αsC F
(2π)2k+
2Re
{
1
k+
∫
dy+ dy¯+ dx⊥ e−ik⊥·x⊥e−
1
2
∫
dξn(ξ)σ (x⊥)
× ∂
∂y⊥
· ∂
∂x⊥
K(y+,y⊥ = 0; y¯+,x⊥|k+)
+
∫
dy+ dx⊥ e−ix⊥·k⊥ 2
k⊥
k2⊥
· ∂
∂y⊥
K(y+,y⊥ = 0; L+,x⊥|k+)
}
. (6)
Here, K denotes the two-dimensional path-integral
K(x+,x⊥; y+,y⊥|k+)
=
r⊥(y+)=y⊥∫
r⊥(x+)=x⊥
Dr⊥(ξ)
× exp
{ y+∫
x+
dξ
[
ik+
2
(
dr⊥
dξ
)2
− 1
2
n(ξ)σ (r⊥)
]}
. (7)
This results from the fact that one has to average over all medium
conﬁgurations since for the calculation, only a frozen conﬁguration
proﬁle was taken into account. The medium dependence of the
spectrum comes from the factor n(ξ)σ (r⊥). The density of scat-
tering centers is given by n(ξ) and their space conﬁguration and
strength is contained in the dipole cross section,
σ(r⊥) = 2
∫
dq⊥
(2π)2
∣∣a0(q⊥)∣∣2(1− e−iq⊥·r⊥), (8)
with a0(q⊥) the scattering potential corresponding to one scatter-
ing center, usually taken in the form of a static Debye screened
potential [38].
3 Full explanations of the variables in this equation can be found in [24–27].
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Fig. 2. Radiation diagrams in the limiting case x → 0.
Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A′ the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.
2.2. Hard limit: x→ 1
We will now to parallel the derivation in the previous section
but in the limit x → 1. This means that the kinematics of the pro-
cess is now constrained by
|q⊥| 
 q+ 
 k+, p+. (9)
We work in the high-energy limit, which means that terms pro-
portional to pi⊥ , qi⊥ or ki⊥ are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
ﬁed to
i/pi
p2i + iε
 i/pi
2pi+ pi− + iε
, (10)
whereas for the ﬁnal quark, the term proportional to q2i⊥ is kept
in the denominator:
i/qi
q2i + iε
 i/qi
2qi+qi− − q2i⊥ + iε
. (11)
By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the ﬁnal quark is much softer than the
other two, the contribution from qi⊥ in the denominator must be
taken into account to allow some motion in the transverse plane.
First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads
T q1 =
∫
d4p
(2π)4
d4x1
d4p1
(2π)4
eix1·(p1−p)u¯(q)igT aA′ A1/

∗
× i/p1
p21 + iε
ig/AA1A(x1+ ,x1⊥)
i/p
p2 + iεMh(p), (12)
with A ≡ AbT b . For the simpliﬁcation of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-
plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:∫
dp−
2π
e−ip−(x(i+1)+−xi+) i
p− − (−iε) = Θ(x(i+1)+ − xi+), (13)
where Θ is the step function. Thus Eq. (12) can be reduced to
T q1 = −gT aA′A1
(q + k)+
2(q · k)
∫
dx1+
[
ig(A−)A1A(x1+,0⊥)
]
× Θ(x1+)u¯(q)/
∗γ−Mh(k + q). (14)
Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:
Tq = −gT aA′A1
(q + k)+
2(q · k) WA1A(x0+, L+;0⊥)u¯(q)/

∗γ−Mh(k + q).
(15)
We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,
T g1 =
∫
d4p
(2π)4
d4x1
d4p1
(2π)4
d4 y
d4q1
(2π)4
d4x′1
d4k1
(2π)4
d4 y1
× eix1·(p1−p)eix′1·(q−q1)eiy1·(k−k1)eiy·(q1+k1−p1)
× u¯(q)ig/AA′A′1
(
x′1+,x′1⊥
) i/q1
q21 + iε
igT a1
A′1A1
γ μ1
× i/p1
p21 + iε
ig/AA1A(x1+ ,x1⊥)
i/p
p2 + iεMh(p)

∗
μ(k)g f
aa1b
× V μμ′1ν(−k,k1,0)Abν(y1+,y1⊥)
−igμ′1μ1
k21 + iε
. (16)
The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simpliﬁed using k1+ = k+ ,
and so, the Dirac structure takes the form:
u¯(q)/A′1/q1︸ ︷︷ ︸
(b)
/
∗(k) /p1/A1/p︸ ︷︷ ︸
(a)
(17)
where
4 In the case x → 0, q  p and thus the following simpliﬁcation was used:
u¯(q)/
∗/p1  u¯(q)/
∗/q  2q · 
∗  2q+
∗− , where 
 = (
+, 
−,⊥) is the gluon po-
larization. Now, for x → 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /
∗ unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
in the previous case. This means that the Dirac structure can only be reduced to
u¯(q)/
∗(/q + /k)/AbA1 A/pMh(p) = 2(q+ k)+(A−)A1 A p+u¯(q)/
∗γ−Mh(p) (see Appendix A
for the relations between the γ matrices).
5 V αβδ(k1,k2,k3) = gαβ (k1 − k2)δ + gβδ(k2 − k3)α + gδα(k3 − k2)β .
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Fig. 4. Radiation diagram for gluon emission inside the medium for the limiting case
x → 1. The meaning of the variables and indices is analogous to that in Fig. 3.
(a) = γ−p1+/A1p+γ− = p1+A1p−γ−γ+γ−
= 2p1+A1p+γ−, (18)
(b) = 2q1 · A′1u¯(q) − u¯(q)/q1︸ ︷︷ ︸
0
/A′1. (19)
In this last simpliﬁcation, we are keeping only the dominant term
of the Dirac equation since q1+ = q+ . But we must not forget that
the q⊥ coming from the spinor u¯(q) is actually q1⊥ = q⊥ . This
means that in the squared modulus, the transverse momentum
that appears from this T -matrix corresponds to an inner mo-
mentum. The same is applied to the gluon transverse momentum
coming from the gluon polarization vector, k⊥ = −q1⊥ .
Using the properties listed in Appendix A and∫
dq−
2π
dq⊥
(2π)2
e−iq−(x(i+1)+−xi+)+iq⊥·(x(i+1)⊥−xi⊥)
× i
q− − (q2⊥/2q+ − iε)
= Θ(x(i+i)+ − xi+)G0(xi+,xi⊥; x(i+1)+,x(i+1)⊥|q+), (20)
where
G0(xi+,xi⊥; x(i+1)+,x(i+1)⊥|q+)
= q+
2π i(x(i+1) − xi)+ exp
{
ip+
2
(x(i+1) − xi)2⊥
(x(i+1) − xi)+
}
≡
r⊥(x(i+1)+)=x(i+1)⊥∫
r⊥(xi+)=xi⊥
Dr⊥(ξ)exp
{
iq+
2
x(i+1)+∫
xi+
dξ
(
dr⊥
dξ
)2}
(21)
is the Green’s function of a free particle that propagates in the
transverse plane from xi⊥ at (light-cone) time xi+ to x(i+1)⊥ at
time x(i+1)+ , we get for the T -matrix for a gluon emitted inside
the medium
Tg = 1
2
∫
dy+ dx⊥ e−iq⊥·x⊥GA′A′1(y+,y⊥ = 0⊥; L+,x⊥|q+)
× igT a1
A′1A1
WA1A(x0+, y+;0⊥)Waa1
(
y+, L+;0⊥
)
× u¯(q)/
∗(k)γ−Mh(q + k), (22)
where the use of uppercase (lowercase) color indices in the Wil-
son lines indicate that they are to be taken in the fundamental
(adjoint) as they correspond to the rescattering of a quark (gluon).
The total T -matrix, Ttot , is the sum of both contributions
(Eqs. (15) and (22)). The spectrum is computed as the inelastic
cross-section over the elastic cross-section (see the elastic process
in Fig. 5).
Fig. 5. Elastic process.
Thus
〈|Mtot|2〉= 〈|Ttot|2〉|Tel|2 =
〈∣∣M2q ∣∣〉+ 〈∣∣M2g∣∣〉+ 2Re〈{MgM†q}〉, (23)
where
Tel = u¯(p)Mh(p) ⇒ |Tel|2 =
√
2p+
∣∣Mh(p)∣∣2. (24)
As a consistency check we are able to recover the vacuum con-
tribution in the limit of x → 1 from the quark amplitude,
〈∣∣M2q ∣∣〉= 2g2CF
q2⊥
x(1− x)
{
1+ (1− x)2
x
}
(25)
⇒ x dI
dxd2k⊥
∣∣∣∣
x→1
 CFαs
2π2
1
k2⊥
= αs
2π2
1
k2⊥
P g←q(x → 1) (26)
with k⊥ = −q⊥ and the vacuum splitting function [39,40]
Pvacg←q(z) = CF
[
1+ (1− x)2
x
]
x→1−→ CF . (27)
As for the other two terms in Eq. (23) (the medium contribu-
tion), the Dirac and color algebra are still to be simpliﬁed. They
can be simpliﬁed using the polarization sum (with η = (0,1,0⊥))∑
λ

∗μ(k, λ)
ν(k, λ) = −gμν +
kμην + kνημ
k · η (28)
and the relation between the Dirac spinors∑
s
u(q, s)α u¯(q, s)β = /qαβ +mαβ. (29)
Using these two relations, we will end up with the trace of γ -
matrices that are easily computed. For the color algebra, one can
reduce all the traces to the fundamental representation using [41]
Wab(x⊥) = 2Tr
[
T aW F (x⊥)T bW F †(x⊥)
]
(30)
to simplify the expression.
Putting all the kinematics in terms of the initial energy p+
and the fraction of momentum carried away by the gluon, x, the
medium amplitude can be written as:〈|Mmed|2〉= 〈|Mg |2〉+ 2Re〈MgM†q〉
= g2CF 1+ (1− x)
2
x
1
p+
Re
{
1
(1− x)xp+
×
∫
dy+ dy¯+ dx⊥ dx¯⊥ dz⊥ e−iq⊥·(x⊥−x¯⊥)
1
N
∂
∂y⊥
× Tr〈G(y+,y⊥ = 0⊥; y¯+, z⊥|q+)W †(y+, y¯+;0⊥)〉F
· 1
N
∂
∂ y¯⊥
Tr
〈
G†( y¯+, y¯⊥ = 0⊥; L+,x⊥|q+)
× G( y¯+, z⊥; L+;x⊥|q+)
〉
F + 2
q⊥
q2⊥
·
∫
dy+ dx⊥ e−iq⊥·x⊥
1
N
∂
∂y⊥
× Tr〈G(y+,y⊥ = 0⊥; L+,x⊥|q+)
× W †(y+.L+;0⊥)
〉
F
}
, (31)
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where the internal momenta were substituted by
q1⊥G0
(
y+,y⊥ = 0+ ⊥; x′1+;x1⊥
∣∣q+)
= i ∂
∂y⊥
G0
(
y+,y⊥ = 0⊥; x′1+;x1⊥|q+
)
. (32)
Making the medium averages whose results can be taken from
[42], the medium amplitude for one gluon emission in the limit
x → 1 is,
〈|Mmed|2〉= g2p+ P g←q(x)Re
{
1
(1− x)xp+
∫
dy+ dy¯+ dx⊥
× e−iq⊥·x⊥e−
CF
2
∫ L+
y¯+ dξ n(ξ)σ (x⊥) ∂
∂x⊥
· ∂
∂y⊥
K(y+,y⊥ = 0⊥; y¯+x⊥|q+) + 2q⊥
q2⊥
·
∫
dy+ dx⊥ e−iq⊥·x⊥
∂
∂y⊥
×K(y+,y⊥ = 0⊥; L+,x⊥|q+)
}
. (33)
Although this expression was derived in the limiting case when
x → 1, we end up with an expression that depends explicitly on
the fraction of energy carried by the emitted gluon. The result that
we found for the medium amplitude is the exact vacuum splitting
function, that appears as an overall pre-factor, corrected by two
terms that depends on the medium parameters. Also, we have an
explicit dependency with the initial energy that did not appeared
in the limit of x → 0. Moreover, if in this expression we take this
limit, x→ 0, exchange the momenta of the path integral, q+ by k+ ,
exchange the transverse momenta q⊥ by k⊥ , and take the color
representation in the adjoint one, we recover the previous results
derived in the limit x → 0 (see Ref. [27]). This indicates that it is
possible to generalize this expression to include both limiting cases
of the single gluon emission spectrum inside a medium. We will
see a possible generalization in the next section.
3. Multiple soft scattering approximation
Being the general analytical solution of the path-integral from
Eq. (33) unknown, an approximation scheme must be used.6 One
of the possible choices is the dipole approximation. This is based
in the observation that the Yukawa potential a0 from the dipole
cross section (Eq. (8)) has a leading quadratic dependency for small
transverse distances |r⊥|. This allows to write the dipole cross sec-
tion to logarithmic accuracy as [13,15]
n(ξ)σ (r⊥)  1
2
qˆ(ξ)r2⊥, (34)
where qˆ(ξ) is the transport coeﬃcient which characterizes the
transverse momentum squared, μ2, transferred from the medium
to the projectile per mean free path, λ. This is the main parameter
of this approximation and encodes all the dynamical properties of
the medium. Generally, this parameter is time-dependent since the
medium is expanding but, for a static medium, it can be written
as qˆ = μ2/λ.
In this Letter, we study only the case of a static medium, since
the results can be easily generalized to an expanding medium.7
6 A comparison of the results for the soft gluon spectrum obtained using different
analytical approximations and exact numerical solutions for the path integral, can
be found in [43].
7 The case of an expanding medium is just a generalization of Eqs. (35) and (36)
(see Refs. [27,44]).
In this case, the path-integral becomes that of a two-dimensional
harmonic oscillator [15],
K(y+,y⊥ = 0⊥; y¯+,x⊥|q+)
=Kosc(y+,y⊥ = 0⊥; y¯+,x⊥|q+)
= A1
π i
exp
[
i A1B1
(
x2⊥ + y2⊥
)− 2i A1x⊥ · y⊥], (35)
A1 = q+Ω
2 sin[Ω( y¯+ − y+)] , B1 = cos
[
Ω( y¯+ − y+)
]
,
Ω = 1− i
2
√
qˆF
q+
, (36)
with imaginary frequency Ω .
Note the subscript F in the medium transport parameter to
distinguish it from the usual transport parameter that is obtained
from the medium averages in the adjoint representation,
1
N2 − 1 Tr
〈
W A(x⊥)W †A(y⊥)
〉
= exp
{
−CA
2
∫
dx+ σ(x⊥ − y⊥)n(x+)
}
(37)
compared to the fundamental that is our case,
1
N
Tr
〈
W (x⊥)W †(y⊥)
〉
= exp
{
−CF
2
∫
dx+ σ(x⊥ − y⊥)n(x+)
}
. (38)
The two medium parameters are related by
qˆF = CF
CA
qˆ. (39)
Substituting expressions (35) and (36) in (33), one obtains the
medium spectrum within the dipole approximation for the limiting
case x→ 1:
q+
dI
dq+dq⊥2
= 〈Mmed〉
4(2π)2
= αs
4π
P g←q(x)(I1 + I2), (40)
with
I1 = 1
x(1− x)p2+
Re
∫
dy+ dy¯+ dx⊥ e−iq⊥·x⊥e
− CF2
∫ L+
y¯+ dξ n(ξ)σ (x⊥)
× ∂
∂x⊥
· ∂
∂y⊥
K(y+,y⊥ = 0⊥; y¯+x⊥|q+)
= 1
x(1− x)p2+
× Re
{ L+∫
0
dy+
L+∫
y+
dy¯+
[ −2A21D
(D − i A1B1)2
+ i A
3
1B1
2(D − i A1B1)3 q
2⊥
]
exp
[ −q2⊥
4(D − i A1B1)
]}
(41)
representing the gluon term (〈|Mg |2〉) and
I2 = 2
p+
q⊥
q2⊥
·
∫
dy+ dx⊥ e−iq⊥·x⊥
∂
∂y⊥
×K(y+,y⊥ = 0⊥; L+,x⊥|E+)
= 2
p+
Re
{ L+∫
0
dy+ −i
B22
exp
[
−i q
2⊥
4A2B2
]}
(42)
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the interference term. The variables A1, B1 and Ω are the same as
in Eq. (36), while A2, B2 and D read
A2 = q+Ω
2 sin[Ω(L+ − y+)] , B1 = cos
[
Ω(L+ − y+)
]
,
D = 1
4
(L+ − y¯+)qˆF . (43)
3.1. Interpolation between the hard (x→ 1) and soft (x → 0) gluon
emission
To provide a heuristic interpolation between both limits, we
should decide which variables we want for analyzing the spectrum
since we have available q+ , p+ and x, but they are constrained
by the relation q+ = (1 − x)p+ . The most direct single inclusive
spectrum that we could compute from expression (33), should be
the one related to the ﬁnal quark, as previously derived. But since
we want to ﬁnd an interpolation function that also describes the
single inclusive spectrum for the gluon, a good observable is the
energy loss, independent of which parton in the splitting carries a
larger fraction of the initial energy. Thus, if we substitute
q+ = (1− x)p+ → x(1− x)p+ ≡ E+, (44)
when x→ 0, E+ → xp+ = k+ and, when x → 1, E+ → (1− x)p+ =
q+ . This means that
q+
dI
dq+ dq2⊥
→ x(1− x)p+ dI
d[x(1− x)p+]dq2⊥
→ k+ dI
dk+ dq2⊥
for x → 0
→ q+ dI
dq+ dq2⊥
for x → 1. (45)
The transverse momenta are constrained by
q2⊥ 6 2x2(1− x)2p2+. (46)
As for the medium parameter, qˆF , we can substitute it by [14,21]
qˆ = xqˆF + (1− x)qˆA = xCF + (1− x)CA
CA
qˆA . (47)
With all these considerations, we are able to describe both lim-
its within the considered approximations and recover the results
that were derived in this manuscript and in [27]. So, applying the
above formulas to Eq. (40) we get
E+
dImed
dE+ dq2⊥
= αsC F
4π
x(1− x)P g←q(x)(I1 + I2) (48)
with
I1 = 1
E2+
Re
∫
dy+ dy¯+ dx⊥ e−iq⊥·x⊥e
− 12
∫ L+
y¯+ dξn(ξ)σ (x⊥)
× ∂
∂x⊥
· ∂
∂y⊥
K(y+,y⊥ = 0⊥; y¯+x⊥|E+)
= 1
E2+
Re
{ L+∫
0
dy+
L+∫
y+
dy¯+
[ −2A21D
(D − i A1B1)2
+ i A
3
1B1
2(D − i A1B1)3 q
2⊥
]
exp
[ −q2⊥
4(D − i A1B1)
]}
, (49)
and
I2 = 2
E+
q⊥
q2⊥
·
∫
dy+ dx⊥ e−iq⊥·x⊥
∂
∂y⊥
×K(y+,y⊥ = 0⊥; L+,x⊥|E+)
= 2
E+
Re
{ L+∫
0
dy+ −i
B22
exp
[
−i q
2⊥
4A2B2
]}
. (50)
The variables A1, A2, B1, B2, Ω and D are the same as in Eq. (43)
but with the substitutions (44) and (47):
A1 = E+Ω
2 sin[Ω( y¯+ − y+)] , B1 = cos
[
Ω( y¯+ − y+)
]
,
Ω = 1− i
2
√
qˆ
E+
, A2 = E+Ω
2 sin[Ω(L+ − y+)] ,
B1 = cos
[
Ω(L+ − y+)
]
, D = 1
4
(L+ − y¯+)qˆ. (51)
Note that while for either x → 0 or x → 1, the meaning of q⊥
in Eq. (45) is clear as the transverse momentum of the emitted soft
gluon (where q⊥ = −k⊥) or quark respectively, the interpretation
for intermediate x is far more involved. Actually, such kinemati-
cal situation requires the computation of a double inclusive cross
section in which the Brownian motion of both outgoing partons is
considered. We leave this computation for future studies.
4. Numerical results
The results for the double-differential medium-induced gluon
radiation spectrum for a quark traversing a static medium in the
limit of hard gluon emission are presented in Fig. 6. The results are
plotted as functions of the following dimensionless variables (see
[24,25] for the corresponding variables in the case of soft gluon
emissions):
ω+c =
1
2
qˆA L
2+,
p+
ω+c
= 2p+
qˆA L2+
, κ2 = q
2⊥
qˆA L+
, x. (52)
The left plots correspond to the double differential spectrum. By
integrating out q⊥ , we obtain the right-handed ones (the analytical
expressions for this integration in the limit ωc L+ → ∞ are written
in Appendix B). Fig. 6(a) presents the results for small medium
parameters and Fig. 6(b) for larger ones.
The two asymptotic behaviors that one expects are conﬁrmed:
when the energy or the transverse momentum of the emitted
parton increase, the spectrum goes to zero. Another feature of
the spectrum is the suppression in the low κ2 region. For values
p+/ωc  1 for every value of x, the spectrum becomes negative
— the total radiation is smaller than in vacuum — which does not
happens when p+/ω+c is smaller. For the case of the soft gluon
emission, this suppression can be understood in terms of the for-
mation time of the outgoing gluon:
t gform 
2k+
q2⊥
. (53)
In the present case, we can generalize this concept to include
both ﬁnal particles and deﬁne the formation time of the outgoing
parton as
tform  2E+
q2⊥
. (54)
In the regime where tform  L+ , the function becomes highly os-
cillatory and we enter in the regime of the Landau–Pomeranchuk–
Migdal (LPM) effect [15,45]. As a result, a suppression of the spec-
trum due to the ineﬃciency of exchanging information with the
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Fig. 6. Evolution of the medium-induced gluon radiation spectrum (48) of a quark in a static medium for different values of x and p+/ω+c . The left plots correspond to the
double differential spectrum (two different values of p+/ω+c in (a) and (b)) and the right ones are the same integrated over q⊥ (two different values of ω+c L+ in (a) and (b)).
medium is observed. In the upper left plot this behavior is less
striking since we increase the medium length by two orders of
magnitude.
5. Conclusions and outlook
Summarizing, we have computed the medium-induced gluon
radiation spectrum in the limit of a hard emission. Making use of
the path-integral formalism to describe the propagation of high-
energy particles inside a medium in terms of Wilson lines and
Green’s functions, we found a ﬁnite-energy correction to the dou-
ble differential spectrum of the ﬁnal quark. Since we are able
to recover the soft gluon emission limit with the expression de-
rived in this manuscript, we provide a generalization that is able
to describe both limiting cases. The result for this interpolation
function (shown in Eq. (48) for the multiple soft scattering ap-
proximation) contains, as in the case of soft gluon emissions,
two contributions for the medium spectrum: the gluon term,
which is suppressed by the initial momenta, and the interfer-
ence term. The spectrum vanishes, as expected, in the kinematical
limit.
Applying the multiple soft scattering approximation, we ob-
tained explicit expressions for the case of a static medium. The
integrals in the longitudinal variables were performed numerically
and the main results were shown in Fig. 6. The conclusions are
a clear suppression of the spectrum for small values of the par-
ton transverse momentum, as predicted by the LPM effect. Also,
the density of the medium constrains strongly the possible energy
range of radiation that is emitted.
Finite-energy corrections are a key ingredient for the quanti-
tative description of the energy loss processes in whatever used
formalism. They are automatically included in Monte Carlo ap-
proaches, though until now in a heuristic form, see e.g. [28–30]
for a discussion of its implementation and impact in a Monte Carlo
framework. From this work we found a generalization that is still
half-way of its true form: although we have an expression that
is valid for all fraction of energies of the emitted parton, there
is still one parton (the hardest one) that has its movement con-
strained in the transverse plane (this one is always described by
a Wilson line). The outlook of this work is the implementation of
these corrections in a Monte Carlo code in order to study its phe-
nomenological consequences since now we are able to access the
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intermediate region of x, and, on the other hand, the full general-
ization of this result through allowing both ﬁnal particles to have
a Brownian motion in the transverse plane.
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Appendix A. Gammamatrices
In the light-cone the gamma matrices read
γ + = γ
0 + γ 3√
2
= 1√
2
(
1 σ 3
−σ 3 −1
)
, (55a)
γ − = γ
0 − γ 3√
2
= 1√
2
(
1 −σ 3
σ 3 −1
)
, (55b)
γ 1 =
(
0 σ 1
−σ 1 0
)
, (55c)
γ 2 =
(
0 σ 2
−σ 2 0
)
. (55d)
They obey to the following relations:(
γ +
)† = γ −, γ⊥ · γ⊥ = −2, γ +γ −γ + = 2γ +,
γ⊥γ +γ⊥ = 2γ +,
(
γ −
)† = γ +, γ +γ + = 0,
γ −γ +γ − = 2γ −, γ +γ⊥γ + = 0, (γ⊥)† = −γ⊥,
γ −γ − = 0, γ⊥γ −γ⊥ = 2γ −, γ −γ⊥γ − = 0. (56)
Appendix B. BDMPS limit
From expression (48), we are able to compute the BDMPS limit,
taking the limit R = ωc L+ → ∞. This is equivalent to perform-
ing the integration in the transverse momentum taking into ac-
count an opening angle for the parton emission, Θ , 0< q⊥ < χ E+ ,
where χ = sinΘ and, then, take the limit χ → ∞. Doing the inte-
gration one ﬁnds that
E+
dImed
dE+
= αs
4π
(1− x)xP g←q(x)(I1 + I2), (57)
where
I1 = 8A
2
1
E2+
{
−1+ exp
[
− (χ E+)
2
4(D − i A1B1)
]
×
(
1− i A1B1(χ E+)
2
4(D − i A1B1)2
)}
, (58)
I2 = 8A2
B2E+
{
exp
[
− i(χ E+)
2
4A2B2
]
− 1
}
(59)
and A1, A2, B1, B2, Ω and D are deﬁned in Eq. (51).
Taking the limit χ → ∞, the previous equations can be reduced
to
lim
R→∞ I1 = 2Re
L+∫
0
dy+
Ω cos(Ω y+)
sin(Ω y+)
, (60)
lim
R→∞ I2 = −2Re
L+∫
0
dy+
Ω
cos(Ω y+) sin(Ω y+)
. (61)
Both integrals are divergent but, when summing the two contri-
butions, the integral over the remaining longitudinal coordinate is
ﬁnite and the result is given by:
E+
dImed
dE+
= αs
2π
x(1− x)P g←q(x)Re ln
[
cos(ΩL+)
]
. (62)
This result agrees with the ones previously derived when doing
the limit x → 1 and x→ 0 respectively.
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64 Chapter 3. Finite Energy Corrections
3.5. Medium-induced gluon radiation beyond the
eikonal approximation
The work developed in the previous section is a step further into a com-
plete description of the jet quenching phenomena within the path-integral
formalism. Instead of a description in which the energy is lost only by soft
radiation, it was computed the spectrum of a radiated parton, with an arbit-
rary fraction x of the initial parent energy. Still, this is not the most correct
picture of the phenomena as some of the particles have its propagation de-
scribed in the eikonal approximation. In order to have a correct description
of the experimental data, where the energy seems to be carried away by soft
particles at large angles with respect to the dijet axis, the constrains on the
transverse direction of all propagating partons must be removed. The natural
following effort is to compute the same in-medium branching, but where a
Green’s function (equation (3.10)) is associated to all particles. Several tech-
nical difficulties arise in this case, mainly the ones related to the calculation of
higher order medium averages (equation (3.13)), involving 4 and 6 fields, with
the corresponding resolution of the path-integrals. A recent achievement in
this direction was done in [Blaizot 2013], where the in-medium gluon branch-
ing was calculated assuming small formation times. While this is a reasonable
assumption to be done as it is fulfilled most of the times, a proper imple-
mentation on the MC level can raise serious problems. The fact that a finite
medium size have to be considered, the later gluons that are formed during
the showering process will be near the edge. In this situation, the condition
tform  L may not be satisfied. Hence, in this section, an extension bey-
ond this approximation is performed. It should be noted that for a harmonic
oscillator, this approximation provides the exact result.
Considering the same kinematical vertex as the previous section, the q →
qg splitting, a Green’s function is associated to all propagating partons. Sev-
eral n-point correlation functions, with n = 2, 4 and 6 are evaluated within
the multiple soft scattering approximation. The resolution of the associated
path-integrals is also made using a semiclassical method: the dominant con-
tribution comes from the classical trajectory, an assumption that can be con-
sidered when describing the average behavior of propagating particles along
the medium extension.
With respect to the previous section, some of the nomenclature was changed
to make easy the interpretation of the results and make short the notation.
The corresponding definitions are well identified in the following.
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Abstract: Motivated by the need of accurate tools to describe the in-medium energy loss
phenomena and to characterise the medium produced in heavy-ion collisions in order to
extract information from the new particle and jet results obtained at the LHC, we derive
the in-medium gluon radiation spectrum off a quark beyond several approximations of pre-
vious works. The considered setup, described within the path-integral formalism, includes
the propagation of highly energetic particles through a finite dense coloured medium with
which they undergo multiple scatterings. The resulting action is a colour rotation of the
fields, described by a Wilson line, and Brownian deviations of all propagating particles in
the transverse plane. The interference effects with vacuum-like emissions are also taken
into account. For the final result the large-N limit and the multiple soft scattering ap-
proximation are employed but with no constraints on the gluon formation time. The result
is the calculation of all finite energy corrections for the radiation of a quark in a QCD
medium that exist in the small angle approximation and for static scattering centres. The
two regimes found in previous works: a coherent non-factorisable one, when the medium
cannot resolve the dipole formed by the final particles and an incoherent factorisable one,
when their colour correlation is broken by scattering with medium constituents, are clearly
identified. Technical details of the computation of the relevant n-point functions in colour
and of the required path integrals in transverse space, that go beyond previously existing
calculations, are provided.
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1 Introduction
In heavy-ion collisions a very dense and hot medium is produced, usually called the quark-
gluon plasma (QGP). This new state of matter is characterised by the deconfinement
of quarks and gluons up to distances much larger than the size of hadrons, a fact that
translates into a window of opportunity for studying QCD in a regime that usually is not
accessible perturbatively. The problem lies in its very short lifetime that makes impossible
to probe this medium from the outside, but to rather rely on probes that are self-generated
in its interior. Of particular importance are hard probes that are produced in a hard
– 1 –
scattering, since they carry information about the initial stages of the collision and can be
addressed within perturbation theory. For this, high-energy heavy-ion accelerators like the
Relativistic Heavy Ion Collider (RHIC) at BNL and, above all, the Large Hadron Collider
(LHC) at CERN, are ideal since their high center-of-mass energies per nucleon-nucleon
collision provide abundant hard particle production that translates into observables with
high statistics. Among these observables, the ones related to the suppression of jets and jet-
like characteristics of particle production, jet quenching, see e.g. [1–5], provide important
information about the medium through the modifications of propagation and energy loss
of high-energy particles that travel through the hot and dense produced matter compared
to those in vacuum.
Such phenomenon has already been experimentally confirmed by measurements of
single inclusive particle spectra [6–10] and two-particle correlations [11–13] at RHIC and
the LHC. Another manifestation of the same physics has been observed in jet studies
in Pb-Pb collisions at the LHC [14–19] (see also [20, 21] for related results at RHIC).
Among several results, it was observed an increasing suppression of high-pT particles with
increasing centrality, a strong dijet asymmetry but with an azimuthal correlation almost
unchanged with respect to proton-proton while there are evidences that this energy is only
recovered in the form of soft particles at very large angles with respect to the jet axis, and
a high suppression of the number of jets from central to peripheral collisions with a mild
dependency on the jet energy or jet radius.
These observations look, at first sight, challenging for the standard explanation of jet
quenching in terms of medium-induced gluon radiation in which energy loss and broadening
are linked and the induced radiation is semi-hard. Several phenomenological works have
appeared [22–31] that claim to predict totally or partially the observed experimental results
in terms of different mechanisms, but none of these explanations can be considered as fully
satisfactory as either the explanations are incomplete or they rely on assumptions that,
though reasonable, lack proper theoretical justification. This fact stresses the importance
of having a good description the mechanisms of energy loss so that a successful comparison
with data can be done and the properties of the QGP may be deconvoluted from the
remaining effects existing in heavy-ion collisions.
This need is particularly relevant for Monte Carlo models. While analytical models
are currently derived within the high-energy approximation and usually implement energy-
momentum conservation a posteriori, Monte Carlo generators include it by construction.
This implies that they make further assumptions which do not have a firm theoretical basis
or make an extension of a theoretical model out of its initial validity region. In order to
avoid this situation, a correct description of finite energy corrections must be done. There
have already been some efforts in this direction [32–34]. In this work, we aim to improve
the results derived in [33] where an interpolation function between the soft and hard limits
for gluon radiation off a quark was deduced.
In this work, using the path-integral formalism [35], we allow transverse motion of all
particles in the emission process, thus relaxing the assumption that only the softest particle
is allowed such movement. Already a work in this direction to describe gluon radiation off
a gluon was made in [34] but assuming small formation times for the radiated gluon. While
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the region of validity of this kind of assumption can be quite comfortable, it demands a
large medium to be crossed by the radiating partons which does not hold for the ones that
are emitted close to the edge of the medium. In order to avoid, once again, assumptions and
to gain further insight into the description of the whole in-medium showering process, in
this work we do not assume such constraint on the formation time, making the calculations
more general without the colour simplifications that the small formation time limit allows.
In addition, by analysing the q → qg process, we cannot take advantage of the symmetry
between final state particles that exist in g → gg. The connection with the findings in the
QCD antenna in previous works [36–39] is done through the process of colour decoherence
of the final particles.
This paper is organized as follows: In section 2, the formalism used to describe the
in-medium propagation of partons will be introduced, and the different contributions to
the single-gluon emission spectrum for a static colour medium profile will be calculated.
A proper average over all possible colour configurations of the medium is carried out in
section 3, and the resolution of the corresponding path-integrals in section 4. The final
conclusions are presented in section 5. The technical details of all calculations are given in
the appendices that are part of this manuscript.
2 In-medium q −→ qg splitting
2.1 Quasi-eikonal in-medium parton propagation
The time scale involved in the propagation of energetic partons is much smaller than the
characteristic time of changes in the configuration of the medium that they traverse. This
difference in time scales allows for the computation of the parton-medium interaction to
be performed for a fixed, but arbitrary, medium configuration and, at a later stage, for the
ensemble of medium configurations to be accounted for through an averaging procedure
(see section 3).
The multiple scattering of the propagating parton off medium components is mediated
by the exchange of gluons with typical, purely transverse, momenta of the order of the
characteristic medium scales. As a result, the otherwise eikonal trajectory of the parton –
the rotation of its colour phase without degradation of its (large) longitudinal momentum
– is perturbed by Brownian motion in the transverse plane. The in-medium propagation
of a parton with light-cone1 plus momentum p+ from transverse position xi at time xi+
(where its colour is αi) to transverse position xf at time xf+, with colour rotated to αf ,
is given by the Green’s function
Gαfαi(xf+,xf ;xi+,xi|p+) =
∫ r(xf+)=xf
r(xi+)=xi
Dr(ξ) exp
{
ip+
2
∫ xf+
xi+
dξ
(
dr
dξ
)2}
×Wαfαi
(
xf+, xi+; r(ξ)
)
,
(2.1)
1Light-cone coordinates, a = (a0, ax, ay, az) = (a+, a−,a) with a± = (a0 ± az)/
√
2 and transverse
2-vectors a = (ax, ay), are used throughout.
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where the Wilson line
Wαfαi
(
xf+, xi+; r(ξ)
)
= P exp
{
ig
∫ xf+
xi+
dξA−
(
ξ, r(ξ)
)}
(2.2)
accounts for the colour rotation resulting from an arbitrary number of scatterings off the
medium field A− ≡ Aa−T a (T a being the colour matrix in the corresponding representation),
while the free propagator
G0(xf+,xf ;xi+,xi|p+) =
∫ r(xf+)=xf
r(xi+)=xi
Dr(ξ) exp
{
ip+
2
∫ xf+
xi+
dξ
(
dr
dξ
)2}
=
p+
2pii(xf+ − xi+) exp
{
ip+
2
(xf − xi)2
xf+ − xi+
} (2.3)
describes the random walk in the transverse plane. The Wilson line Wαfαi in eq. (2.2),
and consequently Gαfαi in eq. (2.1), should be understood to carry colour indices in the
relevant representation for the parton under consideration. In the following, fundamental
colour indices, as relevant for propagating quarks, will be written in uppercase latin letters,
while for the gluon the adjoint indices will be written in lowercase latin letters.
For compactness, and improved readability, we introduce the shorthand notation
Gαfαi(Xf , Xi, |p+) ≡ Gαfαi(xf+,xf ;xi+,xi|p+)
= G(Xf , Xi; r|p+)Wαfαi
(
xf+, xi+; r
)
,
(2.4)
where Xf,(i) ≡ (xf,(i)+,xf,(i)), and G(Xf , Xi; r|p+) should be read as the r.h.s. of the first
line in eq. (2.1) and a path integration in r is understood.
2.2 Amplitudes
To compute the radiation of a gluon off an energetic quark produced in a hard process in
the early stages of a heavy-ion collision, two separate contributions to the amplitude ought
to be considered: the case in which the splitting occurs outside the medium (see figure 1a)
and thus only the initial quark experiences medium interactions; and the complementary
situation in which the splitting occurs within the medium (see figure 1b) and the interaction
of all partons with the medium must be accounted for2. Taking into account the dominance
of the plus component of the initial momentum (/p ' p+γ−) and the preservation of the
gluon longitudinal light-cone momentum of the radiated gluon through propagation in the
medium (k1+ = k+ ⇒ k · k1 = 0), the total amplitude can be written as
Ttot = Tout + Tin , (2.5)
where the out and in contributions are given respectively by
Tout = −g
∫ +∞
−∞
dx e−ix·(k+q) T aBA1GA1A(X,X0|p+)
× 1
4(k · q) u¯(q)/
∗
k(/k + /q)γ+γ−Mh(p+)
(2.6)
2We recall that the hard process, of amplitude Mh, from which the quark originates is unmodified by
the surrounding environment since it occurs within a scale too small to be resolved by the medium.
– 4 –
Mh
p, A
...
p1, A1
k, a
q, B
(a) q → qg splitting where only the initial particle interacts with the medium.
Mh
p, A
...
...
...
p1, A1
q1, B1
k1, a1
k, a
q, B
(b) q → qg splitting where all particles interact with the medium.
Figure 1: Diagrams that contribute to the medium q → qg splitting.
and
Tin = ig
∫ L+
0
dx1+
∫ +∞
−∞
dx1 dy dz e
−iz·k−iy·q
×GBB1(Y,X1|q+)T a1B1A1GA1A(X1, X0|p+)Gaa1(Z,X1|k+)
1
2
u¯(q)/∗kγ−Mh(p+) ,
(2.7)
with X0 = (x0+,0) representing the beginning of the medium, X1 = (x1+,x1) the emission
point and X = (L+,x) , Y = (L+,y) , Z = (L+, z), the final scatterings of the initial
quark, the final quark and the gluon, respectively.
2.3 Emission spectrum
The physical spectrum for single gluon emission is given by the average over the ensemble
of medium configurations 〈. . .〉 (to be carried out in section 3) of the total inelastic cross
section normalised by the elastic cross section
d2N
dΩkdΩq
=
〈M2tot〉 = 〈|Ttot|2〉|Tel|2 , (2.8)
with dΩk = (2pi)
−3 d2k dk+/(2k+) and analogously for dΩq. The inelastic cross section –
the squared amplitude averaged over initial spin and colour, summed over final spin, colour
and gluon polarisation – is given by
|Ttot|2 = |Tout|2 + |Tin|2 + 2 Re
{TinT †out} , (2.9)
– 5 –
while the elastic cross section reads
|Tel|2 = 2
√
2p+|Mh(p)|2 . (2.10)
The separate contributions on the right hand side of eq. (2.9) are given by3
M2out =
〈|Tout|2〉
|Tel|2 = g
2
∫
x,x¯
e−i(k+q)·(x−x¯)
1
N
Tr
(
T aG(X,X0|p+)G†(X¯,X0|p+)T a
)
× 1
32
√
2p+(k · q)2
∑
spin,pol
u¯(q)/∗k(/k + /q)γ+γ−γ0γ−γ+(/k + /q)/ku(q) , (2.11)
MinM†out =
〈
TinT †out
〉
|Tel|2 = −ig
2
∫ x1+
x1,y,z,x¯
e−ik·(z−x¯)e−iq·(y−x¯)
× 1
N
Tr
(
G(Y,X1|q+)T a1G(X1, X0|p+)G†(X¯,X0|p+)T a
)
Gaa1(Z,X1|k+)
× 1
16
√
2p+(k · q)
∑
spin,pol
u¯(q)/∗kγ−γ0γ−γ+(/k + /q)/ku(q) , (2.12)
M2in =
〈|Tin|2〉
|Tel|2 = g
2
∫ x1+,x2+
x1,y,z,x¯2,y¯,z¯
e−ik·(z−z¯)e−iq·(y−y¯)
× 1
N
Tr
(
G(Y,X1|q+)T a1G(X1, X0|p+)G†(X¯2, X0|p+)T a¯1G†(Y¯ , X¯2|q+)
)
×Gaa1(Z,X1|k+)G†a¯1a(Z¯, X¯2|k+)
× 1
8
√
2p+
∑
spin,pol
u¯(q)/∗kγ−γ0γ−/ku(q) , (2.13)
where X¯2 = (x¯2+, x¯2+) is the emission point in the complex conjugate amplitude. This
notation is shown in figure 2, assuming that x2+ > x1+.
After simplification of both the Dirac algebra – for which details are given in appendix
A – and the colour algebra over adjoint indices – explicitly carried in appendix B –, the
out− out contribution to the emission spectrum (2.8) reads
M2out =
2g2ξ(1− ξ)Pg←q(ξ)
((1− ξ)k− ξq)2
∫
x,x¯
e−i(k+q)·(x−x¯)
× G(X,X0; s|p+)G†(X¯,X0; s¯|p+) 1
N
Tr
(
W (L+, x0+; s)W
†(L+, x0+; s¯)
)
, (2.14)
where Pg←q(ξ) = CF [1 + (1 − ξ)2]/ξ is the vacuum Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi splitting function [40–43], being ξ the fraction of longitudinal momenta carried by the
gluon (as defined in appendix A). The colour and transverse parts of the Green’s function
(2.1) have been explicitly separated in the short hand notation (2.4).
3For compactness, we will use throughout the shorthands
∫ +∞
−∞ d
2x ≡ ∫
x
and
∫ L+
x0+
dx+ ≡
∫ x+ .
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L+
X=(L+,x)
X=(L+,x)X0=X0
X0=(x0+,0)
(a) Out− out contribution.
L+
X=(L+,x)X0=X0
X0=(x0+,0) X1=(x1+,x1)
X1=(x1+,x1)
Y=(L+,y)
Z=(L+,z)
(b) In− out contribution.
X0=X0
L+
Y=(L+,y)X0=(x0+,0) X1=(x1+,x1)
X1=(x1+,x1)
Z=(L+,z)
X2=(x2+,x2)
Y=(L+,y)
Z=(L+,z)
Y2=(x2+,y2)
Z2=(x2+,z2)
(c) In− in contribution.
Figure 2: Diagrams showing the notation used in the path integrals and Wilson lines
in eqs. (2.11), (2.12) and (2.13). In each plot the upper set of lines correspond to the
amplitudes while the lower set to the complex conjugate amplitudes (with the coordinates
aligned). The medium is shown by a green shadowed region that starts at x0+ and ends
at L+.
For the in− out term, one has
MinM†out = −
g2
ξp+
∫ x1+
x1,y,z,x¯
e−ik·(z−x¯)−iq·(y−x¯) (2.15)
× (1− ξ)k− ξq
((1− ξ)k− ξq)2 ·
(
(1− ξ)(1 + (1− ξ)) ∂
∂z
− ξ ∂
∂y
)
× G(Y,X1; r|q+)G(X1, X0; s|p+)G†(X¯,X0; s¯|p+)G(Z,X1; w|k+)
× 1
2N
(
Tr
(
W (L+, x1+; r)W
†(L+, x1+; w)
)
× Tr
(
W (L+, x1+; w)W (x1+, x0+; s)W
†(L+, x0+; s¯)
)
− 1
N
Tr
(
W (L+, x1+; r)W (x1+, x0+; s)W
†(L+, x0+; s¯)
))
. (2.16)
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Finally, for the in− in one we obtain
M2in =
g2
2(ξp+)2(1− ξ)
∫ x1+,x2+
x1,y,z,x¯2,y¯,z¯
e−ik·(z−z¯)−iq·(y−y¯)
×
[(
(1− ξ) ∂
∂z
− ξ ∂
∂y
)
·
(
(1− ξ) ∂
∂z¯
− ξ ∂
∂y¯
)
+ (1− ξ)2 ∂
∂z
· ∂
∂z¯
]
× G(Y,X1; r|q+)G(X1, X0; s|p+)G†(X¯2, X0; s¯|p+)G†(Y¯ , X¯2; r¯|q+)
× G(Z,X1; w|k+)G†(Y¯ , X¯2; w¯|k+)
× 1
2N
{
Tr
(
W †(L+, x2+; r¯)W (L+, x1+; r)W †(L+, x1+; w)W (L+, x2+; w¯)
)
× Tr
(
W †(L+, x2+; w¯)W (L+, x1+; w)W (x1+, x0+; s)W †(x2+, x0+; s¯)
)
− 1
N
Tr
(
W †(L+, x2+; r¯)W (L+, x1+; r)W (x1+, x0+; s)W †(x2+, x0+; s¯)
)}
. (2.17)
It should be noticed that one of the transverse momentum from the Dirac structure of
the in−out term, and all the ones in the in−in term, correspond to an internal component
in the Mg amplitude. So, they have been written as a derivative of the corresponding
propagator:
kG0(x+,x; y+,y|k+) = i ∂
∂x
G0(x+,x; y+,y|k+)
= −i ∂
∂y
G0(x+,x; y+,y|k+).
(2.18)
Since the initial coordinate is shared by every internal momenta, we choose to make the
derivative with respect to the final coordinate. In this way, the identification of the mo-
mentum is more straightforward.
3 Averaging over the medium ensemble
As indicated previously, the medium can be considered as frozen in a given colour con-
figuration during the characteristic time of propagation and evolution (radiation) of the
projectile. This allows to perform first the calculation of the squared matrix elements for
emission, and then the averaging on medium configurations. Besides, the high-energy limit
allows to compute the average locally: the medium can be decomposed into regions where
the number of Wilson lines is fixed, as the dynamics leading to a change of the number of
Wilson lines is much faster than that characterizing the changes in the medium.
3.1 Separation into regions
Within the approximations that we employ, the colour strucure and transverse momentum
dynamics (i.e. its random walk in transverse plane) are factorised, see eq. (2.1). Therefore,
we will use eq. (2.4) together with the convolution properties of the G’s. As an example,
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the medium between xi+ and xf+ can be divided into two regions, (xi+, x
′
+) and (x
′
+, xf+),
and the in-medium propagators separated as
Gαfαi(Xf , Xi, |p+) = G(Xf , Xi; r|p+)Wαfαi
(
xf+, xi+; r
)
=
∫
x′(x′+)
Gαfα′(Xf , X
′|p+)Gα′αi(X ′, Xi|p+)
=
∫
x′(x′+)=r1(x
′
+)=r2(x
′
+)
G(Xf , X ′; r2|p+)G(X ′, Xi; r1|p+)
×Wαfα′
(
xf+, x
′
+; r2
)
Wα′αi
(
x′+, xi+; r1
)
. (3.1)
For the out−out term only one region is relevant: that in which the 2 Wilson lines (for
the initial quark in both amplitude and complex conjugate amplitude) are in the medium.
Thus, no further separation with respect to the result of equation (2.14) is needed. Omitting
kinematical terms, it reads
〈|Mout|2〉 ∝ 1
N
G(X,X0; s|p+)G†(X¯,X0; s¯|p+)
〈
Tr
(
W (s)W †(¯s)
)〉
(L+,x0+)
, (3.2)
where the longitudinal support for the average is, from now on, explicitly shown as subscript
for simplifying the notation.
For the in − out contribution we identify two separate regions (see figure 3a): from
the start of the medium x0+ to the gluon emission point x1+, where there are just two
fundamental Wilson lines, and from x1+ to the end of the medium L+ where there are
two fundamental and one adjoint Wilson lines. To account for this separation, the Wilson
line that comes from the complex conjugate, represented as a red arrow in figure 4, have
to be separated as in equation (3.1), and additional transverse coordinates have to be
introduced. The new transverse coordinates are represented in red, while the remaining
transverse structure in black. The result, that can be read from figure 4, is given by
〈
MinM†out
〉
∝ 1
2N
∫
x¯1(x1+)
G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+)
〈(
W (s)W †(¯s1)
)
A1A¯1
〉
(x1+,x0+)
× G(Y,X1; r|q+)G†(X¯, X¯1; s¯2|p+)G(Z,X1; w|k+)
×
(〈
Tr
(
W (r)W †(w)
)(
W †(¯s2)W (w)
)
A¯1A1
〉
(L+,x1+)
− 1
N
〈(
W †(¯s2)W (r)
)
A¯1A1
〉
(L+,x1+)
)
=
1
2N2
∫
x¯1(x1+)
G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+)
〈
Tr
(
W (s)W †(¯s1)
)〉
(x1+,x0+)
× G(Y,X1; r|q+)G†(X¯, X¯1; s¯2|p+)G(Z,X1; w|k+)
×
(〈
Tr
(
W (r)W †(w)
)
Tr
(
W †(¯s2)W (w)
)〉
(L+,x1+)
− 1
N
〈
Tr
(
W †(¯s2)W (r)
)〉
(L+,x1+)
)
,
(3.3)
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where the last equality follows from the observation that, due to the locality of the medium
averages, the only possible colour contraction of two fundamental indices A and B is given
by δAB and thus 〈(
W (x)W †(y)
)
AB
〉
=
δAB
N
〈
Tr
(
W (x)W †(y)
)〉
. (3.4)
I II
x0+ x1+ L+
(a) Sections for
〈
MinM
†
out
〉
.
I II
x0+ x1+ x2+
L+
III
(b) Sections for
〈|Min|2〉.
Figure 3: Schematic view of the sections division. The full arrows represent the quarks
and the dashed arrows the gluons. Black arrows hold for the amplitude and red arrows for
the complex conjugate amplitude.
Now, using the techniques in appendixes C.1 and C.2 and, more specifically, eqs. (C.8),
(C.14) and (C.30), the 1/N term coming from the use of the Fierz identity cancels and this
result can be written as〈
MinM†out
〉
∝ CF
∫
x¯1(x1+)
G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+) 1
N
〈
Tr
(
W (s)W †(¯s1)
)〉
(x1+,x0+)
× G(Y,X1; r|q+)G†(X¯, X¯1; s¯2|p+)G(Z,X1; w|k+)
× 1
N
〈
Tr
(
W (r)W †(w)
)〉
(L+,x1+)
1
N
〈
Tr
(
W †(¯s2)W (w)
)〉
(L+,x1+)
× exp
{
1
2N
[v(r− s¯2)− v(r−w)− v(w − s¯2)]
}
,
(3.5)
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s!1 s!2
I II
(x0+,0) x1+ L+
s
r
w
w!
-1 ̲
I II
(x0+,0) x1+ L+
s r
s !1
Ny
z
z
x!
y
x!
x1
x1
s!2
x1
x!1
x1
x!1
x1
x!1
x1
x!1
Figure 4: Schematic representation of the transverse structure for the amplitude MinM
†
out.
The transverse ending points are represented at grey, while the transverse coordinates to
be integrated out at black. The coordinate s¯ was divided into two new red coordinates:
(¯s1, s¯2). As an example, s¯1 goes from (x0+,0) to (x1+, x¯1).
with
v(x− y) = 1
2
∫
dx+σ(x− y)n(x+) , (3.6)
where n(x+) is the longitudinal density of scattering centers in the medium and σ the
dipole cross section
σ(x− y) = 2g2
∫
dq
(2pi)2
|a−(q)|2
(
1− eiq·(x−y)
)
, (3.7)
The contribution results proportional to CF = (N
2 − 1)/2N as it should. The result is
exact to all N and the correction to the factorization of the traces – that would be the
naive large-N limit – comes through a subleading term in the exponential.
Proceeding analogously for the in− in term, 3 regions can be defined (figure 3b)4. The
4Note that we assume x1+ ≤ x2+ here. Since the result for x1+ ≥ x2+ is the complex conjugate of the
first one, to get the final result, we will multiply by 2 and take the real part.
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result reads
〈|Min|2〉
∝ 1
2N
∫
x¯1(x1+),x¯2(x2+),y2(x2+),z2(x2+)
× G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+) 1
N
〈
Tr
(
W (s)W †(¯s1)
)〉
(x1+,x0+)
× G(Y2, X1; r2|q+)G†(X¯2, X¯1; s¯2|p+)G(Z2, X1; w2|k+)
× G(Y, Y2; r3|q+)G†(Y¯ , X¯2; r¯|q+)G(Z,Z2; w3|k+)G†(Z¯, X¯2; w¯|k+)
×
(〈(
W (r2)W
†(w2)
)
B2C2
(
W (w2)W
†(¯s2)
)
C1C¯1
〉
(x2+,x1+)
×
〈(
W †(w¯)W (w3)
)
C¯1C1
(
W †(w3)W (w¯)W †(r¯)W (r3)
)
C2B2
〉
(L+,x2+)
− 1
N2
〈
Tr
(
W (r2)W
†(¯s2)
)〉
(x2+,x1+)
〈
Tr
(
W †(r¯)W (r3)
)〉
(L+,x2+)
)
.
(3.8)
A schematic representation of the transverse momentum structure of this expression is
provided in figure 5.
I II III
(x0+,0) x1+ x2+ L+
s
r2 r3
w2 w3
w2 w3
s!1 s!2 w!
w!
r!
-1 ̲
I II III
(x0+,0) x1+ x2+ L+
s r2 r3
s!1 s!2 r!
N
y
z
z!
y!
z
z!
y
y!
x1
x1
x!1 x!1
x!1 x!1
x!2
x!2
y2
z2
y2
z2
x1 x1 z2 z2
x!2 x!2
x1 x1 y2 y2
x!2 x!2
Figure 5: Schematic representation of the transverse structure for the amplitude |Min|2.
The transverse ending points are represented in grey, while the transverse coordinates to
be integrated out in black. The coordinates r, w, s¯ were divided into the two new red
coordinates each: (r2, r3), (w2,w3) and (¯s1, s¯2) respectively.
Again, using the techniques in appendixes C.1 and C.2, specifically eqs. (C.8), (C.14)
and (C.30), the 1/N term coming from the use of the Fierz identity cancels and this result
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can be written as〈|Min|2〉
∝ 1
2N
∫
x¯1(x1+),x¯2(x2+),y2(x2+),z2(x2+)
× G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+) 1
N
〈
Tr
(
W (s)W †(¯s1)
)〉
(x1+,x0+)
× G(Y2, X1; r2|q+)G†(X¯2, X¯1; s¯2|p+)G(Z2, X1; w2|k+)
× G(Y, Y2; r3|q+)G†(Y¯ , X¯2; r¯|q+)G(Z,Z2; w3|k+)G†(Z¯, X¯2; w¯|k+)
× 1
N
〈
Tr
(
W (r2)W
†(w2)
)〉
(x2+,x1+)
1
N
〈
Tr
(
W (w2)W
†(¯s2)
)〉
(x2+,x1+)
×
(〈
Tr
(
W †(w¯)W (w3)
)
Tr
(
W †(w3)W (w¯)W †(r¯)W (r3)
)〉
(L+,x2+)
− 1
N
〈
Tr
(
W †(r¯)W (r3)
)〉
(L+,x2+)
)
× exp
{
1
2N
[v(r2 − s¯2)− v(r2 −w2)− v(w2 − s¯2)]
}
.
(3.9)
To further proceed, we will use the techniques explained in appendices C.2 and C.3.
At this point we have to use the large-N limit, so we will neglect subleading factors in the
norm and 1/N factors in the exponents. Besides,〈
Tr
(
W †(w¯)W (w3)
)
Tr
(
W †(w3)W (w¯)W †(r¯)W (r3)
)〉
(L+,x2+)
'
N→∞
〈
Tr
(
W †(w¯)W (w3)
)〉
(L+,x2+)
〈
Tr
(
W †(w3)W (w¯)W †(r¯)W (r3)
)〉
(L+,x2+)
.
(3.10)
At large N , the final results for the different contributions to the emission spectrum,
plugging in the results of the Dirac algebra derived in appendix A, are as follows 5:
〈|Mout|2〉 = ∫
x,x¯
e−i(k+q)·(x−x¯)
2g2ξ(1− ξ)Pg←q(ξ)
((1− ξ)k− ξq)2
× 1
N
G(X,X0; s|p+)G†(X¯,X0; s¯|p+)
〈
Tr
(
W (s)W †(¯s)
)〉
(L+,x0+)
;
(3.11)
〈
MinM†out
〉
= −g
2CF
ξp+
∫ x1+
x1,x¯1,y,z,x¯
e−ik·(z−x¯)−iq·(y−x¯)
× (1− ξ)k− ξq
((1− ξ)k− ξq)2 ·
(
(1− ξ)(1 + (1− ξ)) ∂
∂z
− ξ ∂
∂y
)
× G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+) 1
N
〈
Tr
(
W (s)W †(¯s1)
)〉
(x1+,x0+)
× G(Y,X1; r|q+)G†(X¯, X¯1; s¯2|p+)G(Z,X1; w|k+)
× 1
N
〈
Tr
(
W (r)W †(w)
)〉
(L+,x1+)
1
N
〈
Tr
(
W †(¯s2)W (w)
)〉
(L+,x1+)
;
(3.12)
5The spectrum of [33] is recovered when k = −q and p+ = q+ or p+ = k+.
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〈|Min|2〉 = g2N2
2N
1
2(ξp+)2(1− ξ)
× 2 Re
{∫ x1+,x2+
x1,x¯1,x¯2,y2,z2,y,z
e−ik·(z−z¯)−iq·(y−y¯)
×
[(
(1− ξ) ∂
∂z
− ξ ∂
∂y
)
·
(
(1− ξ) ∂
∂z¯
− ξ ∂
∂y¯
)
+ (1− ξ)2 ∂
∂z
· ∂
∂z¯
]
× G(X1, X0; s|p+)G†(X¯1, X0; s¯1|p+) 1
N
〈
Tr
(
W (s)W †(¯s1)
)〉
(x1+,x0+)
× G(Y2, X1; r2|q+)G†(X¯2, X¯1; s¯2|p+)G(Z2, X1; w2|k+)
× 1
N
〈
Tr
(
W (r2)W
†(w2)
)〉
(x2+,x1+)
1
N
〈
Tr
(
W (w2)W
†(¯s2)
)〉
(x2+,x1+)
× G(Y, Y2; r3|q+)G†(Y¯ , X¯2; r¯|q+)G(Z,Z2; w3|k+)G†(Z¯, X¯2; w¯|k+)
× 1
N
〈
Tr
(
W †(w¯)W (w3)
)〉
(L+,x2+)
× 1
N
〈
Tr
(
W †(w3)W (w¯)W †(r¯)W (r3)
)〉
(L+,x2+)
}
.
(3.13)
3.2 Dipole approximation
To solve the averages, one can make an expansion of the Wilson line up to second order
in the medium fields (details of this calculation are listed in appendix C.1). The result for
the 2-point function is given in (C.8), where σ is the cross-section of the dipole formed the
particles located at transverse coordinates x and y that depends only on the transverse
separation between the two partons, (x−y). For an opaque media, the dipole cross section
can be approximated by its small distance component [44, 45],
n(ξ)σ(r) ' 1
2
qˆr2 +O (ln r2) , (3.14)
where qˆ, the so-called transport coefficient, characterises the typical squared transverse
momentum that the particle acquires from the interaction of the medium, per mean free
path, λ. This is called multiple soft scattering approximation or dipole approximation
and is valid for small transverse distances r. Although the medium is expanding, we will
perform the calculations for an homogeneous static medium for which qˆ is a constant6 to
simplify the calculations.
The result for the 4-point correlation function was explicitly derived in appendix C.2.
In the dipole approximation, equation (C.28) can be factorised into two dipoles:〈
Tr(W †(w3)W (w¯)W †(r¯)W (r3))
〉
=
1
N
[〈
Tr(W (w¯)W †(w3))
〉〈
Tr(W (r3)W
†(r¯))
〉
−
〈
Tr(W (w¯)W †(r¯))
〉〈
Tr(W (r3)W
†(w3))
〉]
.
(3.15)
6To account for an expanding medium, a change of variables like in [35, 46, 47] has to be done.
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(a) Final configuration in which the gluon and
the quark evolve independently.
(b) Final configuration in which the gluon and
the quark are kept correlated.
Figure 6: Final particle configurations for
〈|Min|2〉.
With this factorisation, a friendly interpretation of the colour structure for every con-
tribution to the total production cross section can be obtained. Region I, shown in figure
3, corresponds to the Brownian motion of the initial quark before it emits. In region II,
corresponding to the gluon formation time τform (the difference of emission times in the
amplitude and in the complex conjugate amplitude), the final quark and gluon are colour
correlated. Region III, that only exists for the in−in term, has two possible configurations.
The first term in the r.h.s. of equation (3.15) describes the independent propagation of both
final particles, as the final quark is completely colour decorrelated from the gluon. In this
case, the energy spectrum is just an incoherent sum of the two independent spectrums, as
schematically represented in figure 6a. In the second term in the r.h.s. of equation (3.15),
the quark continues to be colour correlated with the gluon after its emission (see figure 6b).
This term is the non-factorisable piece in [34]. In this case, the final particles propagate as
coherent emission sources. Factorising the independent propagation, equation (3.15) can
be written in the dipole approximation as
〈
Tr(W †(w3)W (w¯)W †(r¯)W (r3))
〉
= N exp
{
−CF
4
qˆ(L+ − x2+)
[
(w¯ −w3)2 + (r3 − r¯)2
]}
∆med
(3.16)
where the ∆med parameter [36–39] that controls the decoherence of colour sources is gen-
eralised to account for the transverse random walk of both quark and gluon, and can be
written as:
∆med ≡ 1− exp
{
−CF
2
qˆ(L+ − x2+)(r¯−w3) · (r3 − w¯)
}
. (3.17)
Note that the exponent in this contribution is proportional to the distance between the
quark and the gluon. Therefore, as they separate (see figure 6b), this extra term will
eventually decrease and only the first, uncorrelated piece remains. The strength of the
decorrelation is determined by the characteristics of the medium: length and transport
coefficient. In this way, this results provides another look into the findings in [34] that the
correlated pieces vanishes with increasing values of the ratio L/τf , with τf the decorrelation
time of the emitted gluon.
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4 Solving the path integrals
With the colour structure fully simplified, it is possible to solve the path-integrals in the
Green’s functions. Particular examples are computed in appendix D using a semi-classical
approximation. Using these results, the out− out term can be finally written as
〈|Mvac|2〉 = 〈|Mout|2〉 = 2g2ξ(1− ξ)
((1− ξ)k− ξq)2Pg←q(ξ) . (4.1)
The result is the complete vacuum radiation spectrum with the corresponding splitting
function7.
The remaining two terms (in − in and in − out) give the medium contribution that
reads
〈|Mmed|2〉 = 〈|Min|2〉+ 2Re〈MinM †out〉
=
g2CF
ξp+
Re
∫ x1+
x1,x¯1,y,z
Σ1(x1+,x1, x¯1)
×
{
1
ξp+(1− ξ)
∫
x¯2,y2,z2,y¯,z¯
e−ik·(z−z¯)−iq·(y−y¯)
×
[(
(1− ξ) ∂
∂z
− ξ ∂
∂y
)
·
(
(1− ξ) ∂
∂z¯
− ξ ∂
∂y¯
)
+ (1− ξ)2 ∂
∂z
· ∂
∂z¯
]
× Σ2(x1+, x2+,x1, x¯1,y2, z2, x¯2)Σ3(x2+, L+,y2, z2, x¯2,y, z, y¯, z¯)
− 2
∫
x¯
e−ik·(z−x¯)−iq·(y−x¯)
× (1− ξ)k− ξq
((1− ξ)k− ξq)2 ·
(
(1− ξ)(1 + (1− ξ)) ∂
∂z
− ξ ∂
∂y
)
× Σ2(x1+, L+,x1, x¯1,y, z, x¯) ,
(4.2)
where Σi are the results of the path integrals for each region i. Note that the factor CF
(explicit in the
〈
MinM†out
〉
contribution) should be approximated by its large-N limit,
N/2.
Using the results of (D.23),
Σ1(x1+,x1, x¯1) =
(
p+
2pi∆t1
)2
exp
{
ip+
2∆t1
(
x21 − x¯21
)− qˆF
12
∆t1(x1 − x¯1)2
}
, (4.3)
where qˆF = CF qˆ and ∆t1 = (x1+ − x0+).
Region II can be simplified using the results from appendix D.3, in particular equation
(D.37). The remaining piece of the integral corresponds to that of a harmonic oscillator
with a linear term in the derivative, whose solution can be found in appendix D.1 (equations
7In [33] we were only able to recover the splitting function in the considered limit, Pg←q(ξ → 1).
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(D.20) and (D.21)). For the in− in term8, it reads:
Σ2(x1+, x2+,x1, x¯1,y2, z2, x¯2)
=
(
p+
2pi∆t2
)2
exp
{
ip+
2∆t2
∆l2 · (∆l2 + 2∆r2) + iE2(1− ξ)
2
2∆t2
∆l2
− qˆF∆t2
12A
(l22i + l
2
2f + l2i · l2f )
}
×
(
A2
pii
)
exp
{
iA2B2(l
′2
2i − l′22f )− 2iA2l′2f · l′2i + iE2(1− ξ)
∆l2
∆t2
∆l′2
}
,
(4.4)
where ∆t2 = (x2+ − x1+), A = 1 + (1− ξ)2, E2 = ξ(1− ξ)p+/A2,
∆r2 = x¯2 − x¯1 , (4.5a)
l2i = x1 − x¯1 , (4.5b)
l′2i = (1− ξ)l2i , (4.5c)
l2f = ξz2 + (1− ξ)y2 − x¯2 , (4.5d)
l′2f = (1− ξ)(x¯2 − z) + y2 , (4.5e)
and
A2 =
E2Ω2
2 sin[Ω2∆t2]
, B2 = cos[Ω2∆t2] , Ω2 =
√
iqˆF
2AE2
. (4.6)
Finally, region III, only present in the
〈|Min|2〉 term, has two contributions, both
solved in appendix D.4:
Σ3(x2+, L+,y2, z2, x¯2,y, z, y¯, z¯) =
(
p+
2pi∆t3
)2
×
(
Σfact3 (x2+, L+,y2, z2, x¯2,y, z, y¯, z¯)
− Σnon−fact3 (x2+, L+,y2, z2, x¯2,y, z, y¯, z¯)
)
.
(4.7)
The factorised piece is reduced to
Σfact3 (x2+, L+,y2, z2, x¯2,y, z, y¯, z¯)
=
(
p+
2pi∆t3
)2
ξ2(1− ξ)2
× exp
{
ip+
2∆t3
(
ξ
[
(z− z2)2 − (z¯− x¯2)2
]
+ (1− ξ) [(y − y2)2 − (y¯ − x¯2)2])}
× exp
{
− qˆF∆t3
12
(
2(l2gi + l
2
gf + lgi · lgf ) + (l2qi + l2qf + lqi · lqf )
)}
,
(4.8)
8The in− out term has only different ending coordinates: x2+ → L+, y2 → y, z2 → z and x¯2 → x¯.
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while the non-factorised piece is simplified to
Σnon−fact3 (x2+, L+,y2, z2, x¯2,y, z, y¯, z¯)
= exp
{
ip+
∆t3
∆l3 ·∆r3 − qˆF
12(A+ (1− ξ)2)(l
2
3i + l
2
3f + l3i · l3f )
}
×
(
A3
pii
)2
exp
{
iA3B3(a
2
i + a
2
f − a¯2i − a¯2f )− 2iA3(ai · af − a¯i · a¯f )
+
2iE3(1− ξ)γ(1 + β)
2A− 1
∆l3
∆t3
· (af − ai + a¯f − a¯i)
}
,
(4.9)
with E3 = p+ξ(1− ξ), β = (A−
√
2A− 1)/(A− 1), γ = (1− β2)−1/2,
lgi = x2 − x¯2 , (4.10a)
lgf = z− z¯ , (4.10b)
lqi = y2 − x¯2 , (4.10c)
lqf = y − y¯ , (4.10d)
l3i = (1− ξ)lqi + ξlgi , (4.10e)
l3f = (1− ξ)lqf + ξlgf , (4.10f)
r3 =
1− ξ
2
(y + y¯ − y2 − x¯2) + ξ
2
(z + z¯− z2 − x¯2) , (4.10g)
ai =
β
γ(1− β2)
(
y2 − z2 − 2(1− ξ)
2A− 1 l3i
)
, (4.10h)
af =
β
γ(1− β2)
(
y − z− y¯ + z¯− 2(1− ξ)
2A− 1 l3f
)
, (4.10i)
a¯i =
β
γ(1− β2)
(
z2 + y2 − 2(1− ξ)
2A− 1 l3i
)
, (4.10j)
a¯f =
β
γ(1− β2)
(
y¯ − z¯− y + z− 2(1− ξ)
2A− 1 l3f
)
, (4.10k)
and
A3 =
E3Ω3
2 sin[Ω3∆t3]
, B3 = cos[Ω3∆t3] , Ω3 =
√
iqˆF
2E3
√
2(1− ξ)2 + 1 . (4.11)
From this expression it is possible to see that the radiation produced from interferences
with the vacuum is controlled by the angle between the quarks (initial and final) and the
radiated gluon. This will induce a suppression of the total gluon energy spectrum. The
in−in term is controlled by the ∆med parameter that contains the interference between both
final particles. When the transverse size of the dipole is much larger than the transverse
scale of the medium 1/Qs, Qs ∝ qˆF , then ∆med → 1 and only the factorised piece survives.
In this regime, when the medium is very opaque, in-medium parton branching can indeed
be understood as factorisation of each splitting process [34] but where the independent
radiation spectrum off each emitter is suppressed by the corresponding interference due to
the finite size of the medium.
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5 Conclusions
In this work, we provide a complete calculation of the medium-induced single gluon ra-
diation off a quark, in the regime where partons undergo multiple soft scatterings with
the medium. The kinematic setup was extended beyond the eikonal limit by associating
Brownian perturbations in the transverse plane to all propagating particles, thus extend-
ing our previous results [33] obtained in the limit of hard emitted gluons. We consider
multiple scatterings of the rescattered partons and not only single scatterings as in [32].
We go beyond the work [34] by considering a finite size medium and, thus, interference
effects with the vacuum radiation. This allowed us to recover the vacuum gluon radiation
spectrum, with a complete factorisation of the corresponding splitting function. Our com-
putation includes all finite-energy corrections that exist in the small angle approximation
(i.e. the emission and deflections angles are small) and for static scattering centres (i.e. we
do not consider recoil). We also provide technical details of the computation of the relevant
n-point functions in colour and of the required path integrals in transverse space, that go
beyond previously existing calculations, with some novel results like the computation of
the leading and first two sub-leading contributions to the six-point function at large N in
the Gaussian approximation.
The final results, that include the evaluation of several n−point correlation functions
and resolution up to four path-integrals, are presented in the large-N limit, but without
constraints on the gluon formation time. The resulting spectrum is, therefore, a general-
isation of previous works, describing the radiation spectrum off a non-eikonal quark. We
confirm the finding in [34] that parton branching, in the limit of a very opaque medium,
can be understood as a factorisation of single gluon emissions, where the total radiation
spectrum is just an incoherent sum of each independent emitter but suppressed by the
interferences with the vacuum radiation – as already derived in previous calculations of
soft gluon emissions. As the parton shower continues its development, the medium starts
to become less opaque and coherence effects between the final particles, fully included in
our calculation, become important. In this case, the emission spectrum is additionally
suppressed with respect to the factorised regime. This fact implies that most of the energy
lost by a parton must occur earlier in its development than under the assumption that the
fully factorized regime holds during the full development of the shower.
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A Dirac algebra
In order to perform the Dirac algebra from equations (2.11), (2.12) and (2.13), we recall
the completeness relation of Dirac spinors,∑
spin
u(q, s)αu¯(q, s)β = /qαβ +mαβ , (A.1)
where the massless case will be considered. Furthermore, in the light-cone gauge A+ = 0,
the gluon polarizations sum to∑
λ
∗µ(k, λ)ν(k, λ) = −gµν +
kµην + kνηµ
k · η (A.2)
where
η = (0, 1,0). (A.3)
At this point we make the kinematics explicit:
k =
(
ξp+,
k2
2ξp+
,k
)
, (A.4a)
q =
(
(1− ξ)p+, q
2
2(1− ξ)p+ ,q
)
, (A.4b)
where ξ is the fraction of longitudinal momenta carried by the gluon, k its transverse
momentum and q the transverse momentum of the final quark.
Using these equations, (A.1), (A.2) and (A.4), we get for the Dirac structure of the
out− out term
1
32
√
2p+(k · q)2
∑
spin,pol
u¯(q)/∗k(/k + /q)γ+γ−γ0γ−γ+(/k + /q)/ku(q)
=
2ξ(1− ξ)
((1− ξ)k− ξq)2
1 + (1− ξ)2
ξ
; (A.5)
for the in− out one
1
16
√
2p+(k · q)
∑
spin,pol
u¯(q)/∗kγ−γ0γ−γ+(/k + /q)/ku(q)
=
1
ξp+
(1− ξ)k− ξq
((1− ξ)k− ξq)2 · ((1− ξ)(1 + (1− ξ))k− ξq) ; (A.6)
and for the in− in one
1
8
√
2p+
∑
spin,pol
u¯(q)/∗kγ−γ0γ−/ku(q)
=
1
2(ξp+)2(1− ξ)
(
(ξq− (1− ξ)k)2 + (1− ξ)2k2
)
. (A.7)
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B Colour algebra before medium averaging
To perform the colour algebra of equations (2.11), (2.12) and (2.13), we explicitly separate
the path integral part of the propagators from its Wilson line part (i.e. the transverse
Brownian motion from the colour rotation), rewrite the adjoint Wilson lines in terms of
fundamental ones (see e.g. [48]) via
Wab(x) = 2 Tr
[
T aWF (x)T bWF †(x)
]
, (B.1)
and make use of the Fierz identity
T aijT
a
kl =
1
2
(
δilδjk − 1
N
δijδkl
)
. (B.2)
Using these expressions, we get that the colour contribution to the out − out piece
reads
1
N
Tr
(
T aG(X,X0|p+)G†(X¯,X0|p+)T a
)
=
CF
N
Tr
(
G(X,X0|p+)G†(X¯,X0|p+)
)
=
CF
N
G(X,X0; s|p+)G†(X¯,X0; s¯|p+)Tr
(
W (L+, x0+; s)W
†(L+, x0+; s¯)
)
,
(B.3)
that the in− out one reads
1
N
Tr
(
G(Y,X1|q+)T a1G(X1, X0|p+)G†(X¯,X0|p+)T a
)
Gaa1(Z,X1|k+)
= G(Y,X1; r|q+)G(X1, X0; s|p+)G†(X¯,X0; s¯|p+)G(Z,X1; w|k+)
× 1
2N
(
Tr
(
W (L+, x1+; r)W
†(L+, x1+; w)
)
Tr
(
W (L+, x1+; w)W (x1+, x0+; s)W
†(L+, x0+; s¯)
)
− 1
N
Tr
(
W (L+, x1+; r)W (x1+, x0+; s)W
†(L+, x0+; s¯)
))
,
(B.4)
and that to the in− in one reads
1
N
Tr
(
G(Y,X1|q+)T a1G(X1, X0|p+)G†(X¯2, X0|p+)T a¯1G†(Y¯ , X¯2|q+)
)
× Gaa1(Z,X1|k+)G†a¯1a(Z¯, X¯2|k+)
= G(Y,X1; r|q+)G(X1, X0; s|p+)G†(X¯2, X0; s¯|p+)G†(Y¯ , X¯2; r¯|q+)
× G(Z,X1; w|k+)G†(Y¯ , X¯2; w¯|k+)
× 1
2N
{
Tr
(
W †(L+, x2+; r¯)W (L+, x1+; r)W †(L+, x1+; w)W (L+, x2+; w¯)
)
× Tr
(
W †(L+, x2+; w¯)W (L+, x1+; w)W (x1+, x0+; s)W †(x2+, x0+; s¯)
)
− 1
N
Tr
(
W †(L+, x2+; r¯)W (L+, x1+; r)W (x1+, x0+; s)W †(x2+, x0+; s¯)
)}
.
(B.5)
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C Resolution of n-point correlation functions
C.1 Two-point correlation function
The simplest average that we have to perform is the one that relates two fundamental
Wilson lines, such as
1
N
Tr
〈
WF (x)W †F (y)
〉
=
1
N
〈
Wij(x)W
†
ji(y)
〉
. (C.1)
To solve the previous equation, we have to expand the Wilson line up to second order
(see [48]):
Wij(x) ' δij + ig
∫
dx+A
a
−(x+,x)T
a
ij +
(ig)2
2
(∫
dx+A
a
−(x+,x)T
a
ij
)2
+ . . . . (C.2)
Using this relation, one finds
1
N
Tr
〈
W (x)W †(y)
〉
' 1 + (ig)2CF
{
1
2
∫
dx+ 〈A−(x+,x)A−(x+,x)〉
+
1
2
∫
dx+
〈
A∗−(y+,y)A
∗
−(y+,y)
〉
−
∫
dx+
〈
A−(x+,x)A∗−(y+,y)
〉
+ . . .
}
.
(C.3)
A diagrammatic interpretation of these terms can be found in [35].
Fourier transforming the fields and using the fact that all scattering centres are Lorentz
contracted in a plane located at x+, we get
A−(x+,x) =
∫
dq
(2pi)2
ei(x−xi)·qa−(q)δ(x+ − xi+), (C.4)
with |a−(q)|2 being a general screened potential (usually taken as a Yukawa potential). In
order to perform the average over all possible colour configuration we have to integrate
over the transverse and longitudinal coordinates of the scattering centres, (xi+,xi). Doing
so, one finds that
1
N
Tr
〈
W (x)W †(y)
〉
= 1+(ig)2CF
∫
dx+
dq
(2pi)2
|a−(q)|2
(
1− eiq·(x−y)
)
n(x+)+. . . , (C.5)
where we have introduced the longitudinal density of scattering centres
n(x+) =
∫
dxi+δ(x+ − xi+). (C.6)
Identifying the dipole cross section as
σ(x− y) = 2g2
∫
dq
(2pi)2
|a−(q)|2
(
1− eiq·(x−y)
)
, (C.7)
and exponentiating the result again, one finally finds
1
N
Tr
〈
W (x)W †(y)
〉
= exp
{
−CF
2
∫
dx+σ(x− y)n(x+)
}
, (C.8)
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and analogously for the adjoint colour representation9,
1
N2 − 1Tr
〈
WA(x)W †A(y)
〉
= exp
{
−CA
2
∫
dx+σ(x− y)n(x+)
}
. (C.9)
C.2 Four-point correlation function
To perform the medium averages we expand the Wilson lines up to second order in the
medium fields (see e.g. [48]), like done in eq. (C.2), but only for the first longitudinal
position ζ. Doing so, we can write:
Wij(L+, x+; x) = Viα(L+, ζ; x)
[
δαj
(
1− CF
2
B(ζ,0)
)
+ iT aαjA
a
αj(ζ,x)
]
, (C.10)
where V (L+, ζ; x) denotes the Wilson line from the (plus light-cone) position ζ to the final
extension of the medium and
δabB(x+; x− y) =
〈
Aa(x+,x)A
b(x+,y)
〉
(C.11)
the correlator between two medium fields. We use the Gaussian approximation in which
all information is contained in the two-point function. In the following, we will not write
explicitly the + coordinates.
The structure that we want to calculate is the one from eqs. (3.3) and (3.8)10. We
write 〈
Wij(x1)W
†
kl(x2)Wmn(x3)W
†
op(x4)
〉
=
〈
Viα(x1)V
†
βl(x2)Vmµ(x3)V
†
νp(x4)
〉
Mαβµνjkno ,
(C.12)
where the operator Mαβµνjkno reads
Mαβµνjkno = δαjδβkδµnδνo
(
1− 2CFB(0)− 1
2N
[B(x1 − x2)−B(x1 − x3)
+B(x1 − x4) +B(x2 − x3)−B(x2 − x4) +B(x3 − x4)]
)
+ δαjδβkδµνδon
1
2
B(x3 − x4)− δαjδβoδµnδνk 1
2
B(x2 − x4)
+ δαjδβµδknδνo
1
2
B(x2 − x3) + δανδjoδβkδµn 1
2
B(x1 − x4)
− δαnδβkδµjδνo 1
2
B(x1 − x3) + δαβδjkδµnδνo 1
2
B(x1 − x2).
(C.13)
In the following, we will not work with B’s but with v’s that are related to the dipole cross
section:
v(x− y) = B(0)−B(x− y) ≡ 1
2
∫
dx+σ(x− y)n(x+). (C.14)
9Usually, the colour factor CA is included in the definition of the dipole cross-section, σ.
10This and related calculations can be found in [49–51].
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We define the following vectors:
u1 = δjkδno → δilδmp, (C.15a)
u2 = δjoδnk → δipδlm. (C.15b)
In order to close the traces, we need to act with the operator M on u1 and u2, by doing
u2 ·Mu1. Thus, one can prove that
Mu1 =
{
1− N
2
O1 +
1
2N
(O1 +O2 −O3)
}
u1 +
1
2
(O3 −O2)u2, (C.16a)
Mu2 =
1
2
(O3 −O1)u1 +
{
1− N
2
O2 +
1
2N
(O1 +O2 −O3)
}
u2, (C.16b)
where
O1 = v(x1 − x2) + v(x3 − x4), (C.17a)
O2 = v(x1 − x4) + v(x3 − x2), (C.17b)
O3 = v(x1 − x3) + v(x2 − x4). (C.17c)
Therefore we can write the operator in the following matrix form:
M =
(
1− N2 O1 + 12N (O1 +O2 −O3) 12(O3 −O2)
1
2(O3 −O1) 1− N2 O2 + 12N (O1 +O2 −O3)
)
. (C.18)
Since our vectors, u1 and u2 are not orthogonal,
u1 · u1 = u2 · u2 = N2, (C.19a)
u1 · u2 = N , (C.19b)
we rotate them to an orthogonal basis and find the corresponding matrix. One possible
choice is:
v1 = u1, (C.20a)
v2 =
1√
N2 − 1(Nu2 − u1). (C.20b)
In this way v1 · v1 = v2 · v2 = N2 but v1 · v2 = 0. We then write the matrix defined in eq.
(C.18) in this new basis:
M ′ =
(
1− CFO1
√
N2−1
2N (O3 −O2)√
N2−1
2N (O3 −O2) 1− CFO2 + ∆
)
, (C.21)
where
∆ =
O1 +O2 − 2O3
2N
. (C.22)
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The eigenvectors and eigenvalues of this new matrix (minus the identity matrix as we
want to exponentiate the action of the corresponding transfer matrix) can be found easily:
λ1 =
−N(N2 − 2)(O1 +O2)− 2NO3 −Θ
4N2
, (C.23a)
λ2 =
−N(N2 − 2)(O1 +O2)− 2NO3 + Θ
4N2
, (C.23b)
v˜1 =
N3(O2 −O1) + 2N(O3 −O2)−Θ
2N
√
N2 − 1(O3 −O2)
v1 + v2, (C.24a)
v˜2 =
N3(O2 −O1) + 2N(O3 −O2) + Θ
2N
√
N2 − 1(O3 −O2)
v1 + v2, (C.24b)
where
Θ2 = N4[N2(O2 −O1)2 + 4(O3 −O1)(O3 −O2)] . (C.25)
In the large N limit, they simplify to
λ1 = −N
4
(O1 +O2 − |O2 −O1|), (C.26a)
λ2 = −N
4
(O1 +O2 + |O2 −O1|), (C.26b)
v˜1 =
N
2
O2 −O1 − |O2 −O1|
O3 −O2 v1 + v2, (C.27a)
v˜2 =
N
2
O2 −O1 + |O2 −O1|
O3 −O2 v1 + v2. (C.27b)
The successive action of the matrix M ′ over these vectors is just the exponentiation
of the eigenvalues. The only thing to be done is to write the initial vectors u1 and u2 as a
function of the eigenvectors v˜1 and v˜2. Doing so, the final result of the quadrupole in the
large-N limit is:
Tr
〈
W (x1)W
†(x2)W (x3)W †(x4)
〉
= u2M
′u1
= −N
2
{
(O2 −O1 − |O2 −O1|+ 2(O3 −O2)
|O2 −O1| e
λ1
−(O2 −O1 + |O2 −O1|+ 2(O3 −O2)|O2 −O1| e
λ2
}
.
= N
{
−O3 −O2
O2 −O1 e
−NO2/2 +
O3 −O1
O2 −O1 e
−NO1/2
}
.
(C.28)
Note that in the harmonic oscillator approximation used in appendix D, Oi ∝ v(x− y) '
(x−y)2, the prefactors of the exponentials provide logarithmic corrections in the exponents
that are neglected.
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Finally, these results can be applied to the colour structure in region II. In this case,
the structure that we want to simplify is the same as in eqs. (3.3) and (3.8):
〈[
W (r2)W
†(w2)
]
ij
[
W (w2)W
†(¯s2)
]
kl
〉
=
〈
Wim(r2)W
†
nj(w2)Wko(w2)W
†
pl(¯s2)
〉
δmnδop.
(C.29)
Here, we must consider the action of M ′ on u1, with the change of notation and the
simplifications produced by the fact that two coordinates are equal. The result reads〈[
W (r2)W
†(w2)
]
ij
[
W (w2)W
†(¯s2)
]
kl
〉
= δijδkl exp
{
1
2N
v(r2 − s¯2)− N
2
[v(r2 −w2) + v(w2 − s¯2)]
}
+
1
N
δilδjk exp {−CF v(r2 − s¯2)}−
− 1
N
δilδjk exp
{
1
2N
v(r2 − s¯2)− N
2
[v(r2 −w2) + v(w2 − s¯2)]
}
.
(C.30)
C.3 Six-point correlation function
For the 6-point correlation function〈
W †(w¯)ijW (w3)klW †(w3)mnW (w¯)opW †(r¯)qrW (r3)st
〉
(C.31)
we define the following vectors:
u1 = δjkδnoδrs ,
u2 = δjsδrkδno ,
u3 = δjoδnkδrs ,
u4 = δjoδrkδns ,
u5 = δjsδnkδro ,
u6 = δjkδnsδro .
(C.32)
Their scalar products are defined through the matrix
G =

N3 N2 N2 N N N2
N2 N3 N N2 N2 N
N2 N N3 N2 N2 N
N N2 N2 N3 N N2
N N2 N2 N N3 N2
N2 N N N2 N2 N3

. (C.33)
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Using the same technique discussed in appendix C.2, the matrix operator that expresses
the medium averages in this basis in the Gaussian approximation reads
M = I6×6 (C.34)
+

Nm11 +
m′11
N 0 0 0 0 m16
m21 Nm22 +
m′22
N 0 0 m25 0
m31 0 Nm33 +
m′33
N 0 m35 0
0 m42 m43 Nm44 +
m′44
N 0 m46
0 0 0 0 Nm55 +
m′55
N m56
m61 0 0 0 m65 Nm66 +
m′66
N

,
with
m11 = −1
2
[v(r3 −w3) + v(r¯− w¯) + v(w3 − w¯)] , m′11 =
1
2
v(r3 − r¯) ,
m16 =
1
2
[−v(r3 −w3) + v(r3 − w¯) + v(r¯−w3)− v(r¯− w¯)] ,
m21 =
1
2
[−v(r¯−w3) + v(r¯− w¯) + v(w3 − w¯)] ,
m22 = −1
2
[v(r3 −w3) + v(r¯−w3)] , m′22 =
1
2
v(r3 − r¯) ,
m25 =
1
2
[−v(r3 −w3) + v(r3 − w¯) + v(w3 − w¯)] ,
m31 =
1
2
[v(r3 −w3)− v(r3 − w¯) + v(w3 − w¯)] ,
m33 = −1
2
[v(r3 − w¯) + v(r¯− w¯)] , m′33 =
1
2
v(r3 − r¯) ,
m35 =
1
2
[v(r¯−w3)− v(r¯− w¯) + v(w3 − w¯)] ,
m42 =
1
2
[−v(r3 − r¯) + v(r3 −w3) + v(r¯−w3)] ,
m43 =
1
2
[−v(r3 − r¯) + v(r3 − w¯) + v(r¯− w¯)] ,
m44 = −1
2
v(r3 − r¯) , m′44 =
1
2
v(r3 − r¯) , m46 = v(w3 − w¯) ,
m55 = −1
2
[v(r3 − w¯) + v(r¯−w3) + v(w3 − w¯)] , m′55 =
1
2
v(r3 − r¯) ,
m56 =
1
2
[v(r3 −w3)− v(r3 − w¯)− v(r¯−w3) + v(r¯− w¯)] ,
m61 =
1
2
[−v(r3 − r¯) + v(r3 − w¯) + v(r¯−w3)− v(w3 − w¯)] ,
m65 =
1
2
[−v(r3 − r¯) + v(r3 −w3) + v(r¯− w¯)− v(w3 − w¯)] ,
m66 = −1
2
[v(r3 − r¯) + 2v(w3 − w¯)] , m′66 =
1
2
v(r3 − r¯) = m′11 .
(C.35)
Now, to perform the medium average in region III in (3.9), we compute n insertions of
the matrix M−I6×6 (see e.g. [52]), project onto the corresponding vectors and sum over
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n i.e.
〈
Tr
(
W †(w¯)W (w3)
)
Tr
(
W †(w3)W (w¯)W †(r¯)W (r3)
)〉
=
∞∑
n=0
1
n!
u6G(M−I6×6)nu1 . (C.36)
The result (C.36) can be expanded in powers of N . The leading order result comes
with a pre-factor N2 and reads
∞∑
n=0
1
n!
u6G(M−I6×6)nu1 '
N→∞
N2
[
eNm11 +
m61
m11 −m66
(
eNm11 − eNm66)] . (C.37)
Here, the first term can be interpreted as staying in u1 during all the evolution and then
projecting onto u6 (N
2), while the second comes from one colour swap from u1 to u6
bringing a 1/N factor times the projection of u6 onto u6 (N
3). With the substitutions
(C.35), it gives the result (3.10) with the average of the trace of four Wilson lines given in
the large-N limit by (C.28):
eNm11 +
m61
m11 −m66
(
eNm11 − eNm66)
=
e−
1
2
Nv(w3−w¯)
−v(r3 − r¯) + v(r3 −w3) + v(r¯− w¯)− v(w3 − w¯)
×
(
e−
1
2
N [v(r3−r¯)+v(w3−w¯)][−v(r3 − r¯) + v(r3 − w¯) + v(r¯−w3)− v(w3 − w¯)]
+ e−
1
2
N [v(r3−w3)+v(r¯−w¯)][v(r3 −w3)− v(r3 − w¯)− v(r¯−w3) + v(r¯− w¯)]
)
.
(C.38)
Concerning the first sub-leading corrections, they come at each order in n with a pre-
factor N0. But some of them contain a combinatorial pre-factor n that comes from sectors
of diagonal propagation that are indistinguishable11. This pre-factor promotes them, when
summed from 0 to ∞, to be proportional to N . It turns out that these terms proportional
to N contain exactly the same exponential factors that the leading term (C.37) and thus
they provide just a correction to the pre-factors. The terms proportional to N0 provide
both corrections to the pre-factors in the leading term and new exponentials. We can
11Just to provide one example, a term multiplying m′11:
NeNm11 =
∞∑
n=0
1
n!
nmn−111 N
n =
∞∑
n=0
1
n!
Nn
n∑
i=1
mn−i11 m˜
i−1
11
∣∣∣∣∣
m11→m˜11
=
eNm11 − eNm˜11
m11 − m˜11
∣∣∣∣
m11→m˜11
.
At order n, this term corresponds to n− 1 diagonal insertions of m11 (carrying Nn−1) times one insertion
of m′11 (carrying 1/N) times N
2 coming from the projection of u1 onto u6. The factor n that gives rise to
the extra power of N , comes from the indistinguishability of the insertions before and after the action of
m′11.
– 28 –
summarise our results in the following way:
〈
Tr
(
W †(w¯)W (w3)
)
Tr
(
W †(w3)W (w¯)W †(r¯)W (r3)
)〉
= eNm11
[(
1 +
m61
m11 −m66
)
(N2 +A1N) +B1N
0
]
+ eNm66
[
− m61
m11 −m66 (N
2 +A6N) +B6N
0
]
+ N0
[
eNm22B2 + e
Nm33B3 + e
Nm44B4 + e
Nm55B5
]
+ O
(
1
N
)
,
(C.39)
with Ai, Bi, i = 1, 2, . . . , 6 ratios of polynomials of the coefficients mkl, k, l = 1, 2, . . . , 6.
A1, A6 read
A1 =m
′
11 +
m16m61
m11 −m66 , (C.40)
A6 =m
′
66 −
m16m61
m11 −m66 −
m56m65
m55 −m66 , (C.41)
B1, B6 are rather involved expressions:
B1 =m11
(
m16m61
(m66 −m11)3 +
m21
m11−m22 +
m31
m11−m33
m11 −m44
)
+
2m16m
2
61
(m66 −m11)3 +
m16m61m66
(m11 −m66)3
+
m21(m42 −m44)
(m11 −m22)(m11 −m44) −
m31m43m44
(m11 −m33)(m11 −m44)(m33 −m44)
+
m31m33m43
(m11 −m33)(m11 −m44)(m33 −m44) +
m31m
2
44
(m11 −m33)(m11 −m44)(m33 −m44)
− m31m33m44
(m11 −m33)(m11 −m44)(m33 −m44) +
m44m46m61
(m11 −m44)(m11 −m66)(m44 −m66)
− m46m61m66
(m11 −m44)(m11 −m66)(m44 −m66) +
m255m56m61m65
(m11 −m55)(m11 −m66)2(m55 −m66)2
+
m56m61m65m
2
66
(m11 −m55)(m11 −m66)2(m55 −m66)2 +
2m55m56m61m65m66
(m55 −m11)(m11 −m66)2(m55 −m66)2
− m56m61m66
(m11 −m55)(m11 −m66)(m55 −m66) +
m55m56m61
(m11 −m55)(m11 −m66)(m55 −m66) ,
(C.42)
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B6 = m61
(
m211m56m65
(m11 −m55)(m11 −m66)2(m55 −m66)2
+
m11
(
m46(m11−m66)2
(m11−m44)(m44−m66) −
2m56m65m66(m11−m66)
(m11−m55)(m55−m66)2 +
m56(m11−m66)2
(m11−m55)(m55−m66) +m16
)
(m11 −m66)3
+
2m16m61
(m11 −m66)3 +
m16m66
(m66 −m11)3 −
m44m46
(m11 −m44)(m11 −m66)(m44 −m66)
− m
2
55m56m65
(m11 −m55)(m11 −m66)2(m55 −m66)2 +
2m55m56m65m66
(m11 −m55)(m11 −m66)2(m55 −m66)2
− m55m56
(m11 −m55)(m11 −m66)(m55 −m66)
)
,
(C.43)
and the remaining combination acquires a simple form:
eNm22B2 + e
Nm33B3 + e
Nm44B4 + e
Nm55B5 = e
−Nv(r3−r¯)
2
+
−v(r3 −w3) + v(r3 − w¯) + v(r¯−w3)− v(r¯− w¯)
v(r3 − r¯)− v(r3 − w¯)− v(r¯−w3) + v(w3 − w¯) e
N
2
[−v(r3−w¯)−v(r¯−w3)−v(w3−w¯)] ,
(C.44)
where the exponential in the first (second) term on the r.h.s. can be identified with the
average of a trace (the averages of three traces) of two Wilson lines.
While this method allows the calculation of further N -suppressed contributions, its
increasing complexity leads us to consider only the leading and two first sub-leading con-
tributions.
For completeness, we show some steps done for solving the 6-point function along the
same techniques used in appendix C.2. We rotate the vectors (C.32) onto a orthogonal
basis {uˆi}, uˆiGuˆj = N3δij , i, j = 1, 2, . . . , 6. A possible choice is
uˆ1 =
N2
N2 − 1
√
N2 − 1
N2 − 2
(
u1 − 1
N
u2 − 1
N
u3 +
2
N2
u4 − 1
N
u6
)
,
uˆ2 =
N√
N2 − 1
(
u2 − 1
N
u4
)
,
uˆ3 =
N√
N2 − 1
(
u3 − 1
N
u4
)
,
uˆ4 = u4 ,
uˆ5 = N
√
N2 − 2
(N2 − 1)(N2 − 4)
(
2
N2 − 2u1 −
N
N2 − 2u2 −
N
N2 − 2u3
+
2
N2 − 2u4 + u5 −
N
N2 − 2u6
)
,
uˆ6 =
N√
N2 − 1
(
− 1
N
u4 + u6
)
.
(C.45)
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In this rotated basis, the matrix (C.34) reads
Mˆ =
[
1 +
1
2N
v(r3 − r¯)
]
I6×6 + 1
2

Mˆ11 0 0 0 Mˆ15 Mˆ16
0 Mˆ22 0 0 0 0
0 0 Mˆ33 0 0 0
0 0 0 Mˆ44 0 0
Mˆ51 0 0 0 Mˆ55 Mˆ56
Mˆ61 0 0 0 Mˆ65 Mˆ66

, (C.46)
with
Mˆ11 = −N [v(r3 −w3) + v(r¯− w¯) + v(w3 − w¯)]
+
N
N2 − 2[v(r3 −w3) + v(r¯− w¯)− v(r¯−w3)− v(r3 − w¯)] ,
Mˆ15 = Mˆ51 =
√
N2 − 4
N2 − 2 [−v(r3 −w3) + v(r3 − w¯) + v(r¯−w3)− v(r¯− w¯)] ,
Mˆ16 = Mˆ61 = N√
N2 − 2[−v(r3 −w3) + v(r3 − w¯) + v(r¯−w3)− v(r¯− w¯)] ,
Mˆ22 = −N [v(r3 −w3) + v(r¯−w3)] ,
Mˆ33 = −N [v(r3 − w¯) + v(r¯− w¯)] ,
Mˆ44 = −Nv(r3 − r¯) ,
Mˆ55 = −N [v(r¯−w3) + v(r3 − w¯) + v(w3 − w¯)]
− N
N2 − 2[v(r3 −w3) + v(r¯− w¯)− v(r¯−w3)− v(r3 − w¯)] ,
Mˆ56 = Mˆ65 =
√
N2 − 4
N2 − 2[v(r3 −w3)− v(r3 − w¯)− v(r¯−w3) + v(r¯− w¯)] ,
Mˆ66 = −N [v(r3 − r¯) + 2v(w3 − w¯)] .
(C.47)
The matrix in now symmetric, and only the box corresponding to uˆ1, uˆ5, uˆ6 remains to be
diagonalised. We have done it but the result turns out to be too long and we have been
unable to express it in a manageable form.
D Path integral resolution in the multiple soft scattering approximation
The path integrals that appear can be solved analytically in a very few examples. Here
we use the semi-classical approximation [53, 54], which consists in considering the path
integral as the classical action. As a consequence, the trajectory of the particle inside
the medium is considered to be the classical path in the exponent, while fluctuations are
considered in the norm. The semi-classical method provides an exact solution for some
cases e.g. the free particle or the harmonic oscillator that, in order to clarify subsequent
computations, we elaborate as a first step.
For the free particle, the path integral is given by
G0(y+,y;x+,x|p+) =
∫ r(y+)=y
r(x+)=x
Dr(ξ) exp
{
ip+
2
∫ y+
x+
dξ r˙2
}
, r˙ =
dr(ξ)
dξ
. (D.1)
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In the semi-classical approximation, we identify the above expression with
G0 ∝ exp {iRcl(rcl)} , (D.2)
where the classical action Rcl is defined as
Rcl =
∫ y+
x+
dξL(r, r˙, ξ), (D.3)
and the Lagrangian is
L(r, r˙, ξ) = p+
2
r˙2. (D.4)
Using the Euler-Lagrange equations, we find
d
dt
∂L
∂r˙
− ∂L
∂r
= 0⇔ r¨ = 0, (D.5)
so the classical trajectory r(ξ) is given by a straight line:
r(ξ) = l(ξ) =
1
y+ − x+ [y(ξ − x+) + x(y+ − ξ)] . (D.6)
The solution for the path integral (D.1) is [53, 54]
G0 =
1
(2pii)D/2
∣∣∣∣det(− ∂2Rcl∂yi∂xj
)∣∣∣∣1/2 exp [iRcl(x+,x; y+,y)] , (D.7)
where D is the number of dimensions, i, j ∈ {1, . . . , D} and Rcl is evaluated at the classical
path r = l(ξ) and integrated over ξ ∈ [x+, y+]. The derivatives are taken on the initial and
final transverse coordinates. In our case, D = 2 and the result of the action is
Rcl =
∫ y+
x+
dξL = p+
2(y+ − x+)(y − x)
2, (D.8)
resulting in a determinant
det
(
− ∂
2Rcl
∂yi∂xj
)
=
(
p+
y+ − x+
)2
. (D.9)
The full solution is then
G0(y+,y;x+,x|p+) = p+
2pii(y+ − x+) exp
{
ip+
2(y+ − x+)(y − x)
2
}
. (D.10)
D.1 Harmonic oscillator
We will use the same approach than before to evaluate the following average:
1
N
Tr
〈
G(y+,y;x+,x|p+)W †(y+, x+; 0)
〉
. (D.11)
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From appendix C.1, we can take the result for the 2-point correlation function (eq. (C.8)),
and the average (D.11) is given by
1
N
Tr
〈
G(y+,y;x+,x|p+)W †(y+, x+; 0)
〉
=
∫ r(y+)=y
r(x+)=x
Dr(ξ) exp
{
ip+
2
∫ y+
x+
dξr˙2 − CF
2
∫ y+
x+
dξσ(r)n(ξ)
}
≡ K(y+,y;x+,x|p+).
(D.12)
Applying the multiple soft scattering approximation (eq. (3.14)), the previous equation
reads
Kosc(y+,y;x+,x|p+) =
∫ r(y+)=y
r(x+)=x
Dr(ξ)
× exp
{
ip+
2
∫ y+
x+
dξr˙2 − qˆF
4
∫ y+
x+
dξr2
}
.
(D.13)
The Euler-Lagrange equations are
r¨ + Ω2r = 0, (D.14)
which is the equation of a harmonic oscillator with imaginary frequency
Ω =
1− i
2
√
qˆF
p+
. (D.15)
The solution is
r(ξ) =
1
sin [Ω(y+ − x+)] {x sin [Ω(y+ − ξ)] + y sin [Ω(ξ − x+)]} . (D.16)
Plugin this solution into the classical action, we find
Rcl = A1B1(x
2 + y2)− 2A1x · y, (D.17)
with
A1 =
p+Ω
2 sin [Ω(y+ − x+)] , (D.18a)
B1 = cos [Ω(y+ − x+)] . (D.18b)
The solution for the harmonic oscillator is the well-known result
Kosc(y+,y;x+,x|p+) = A1
pii
exp
{
iA1B1(x
2 + y2)− 2iA1x · y
}
. (D.19)
Another variation of this example is the one with a linear term in the derivative:
L(r, r˙, ξ) = A
2
r˙2 +Br˙− C
2
r2. (D.20)
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But this does not add anything new since the Euler-Lagrange equations are the same as
eq. (D.14), providing us with the same solution (D.16). The determinant of the second
derivative of the classical action will also be the same since this new term is linear. Thus,
the solution for this problem will be just an extra term proportional to B:
A1
pii
exp
{
iA1B1(x
2 + y2)− 2iA1x · y + iB(y − x)
}
, (D.21)
with
A1 =
AΩ
2 sin [Ω(y+ − x+)] , (D.22a)
B1 = cos [Ω(y+ − x+)] , (D.22b)
Ω =
√
C
A
. (D.22c)
D.2 Two Green’s functions
In this section we generalize the result from [35, 55],
1
N
Tr
〈
G(y+,y;x+,x|p+)G†(y+, y¯;x+, x¯|p+)
〉
=
(
p+
2pi(y+ − x+)
)2
exp
{
ip+
2(y+ − x+)
[
(y − x)2 − (y¯ − x¯)2]
− CF
2
∫ y+
x+
n(ξ)σ(l(ξ))dξ
}
,
(D.23)
where
l(ξ) =
1
y+ − x+ [(x− x¯)(y+ − ξ) + (y − y¯)(ξ − x+)] , (D.24)
to account for different longitudinal momenta. So, without lost of generalisation, we can
always write one longitudinal momentum as a fraction λ of the other one, λp+, where λ ≤ 1
but λ 6= 0 (in this appendix we denote here the momentum fraction by λ to avoid confusion
with the path variable ξ):
1
N
Tr
〈
G(y+,y;x+,x|λp+)G†(y+, y¯;x+, x¯|p+)
〉
=
∫ r(y+)=y
r(x+)=x
Dr(ξ)
×
∫ v(y+)=y¯
v(x+)=x¯
Dv(ξ) exp
{
i
2
∫ y+
x+
dξ
[
λp+r˙
2 − p+v˙2 + iCF
2
n(ξ)σ(r− v)
]}
.
(D.25)
In this expression, both r and v enter the kinematical and potential terms. Performing
the following change of variables:
α⊥ = r− v, (D.26a)
β⊥ = λr− v, (D.26b)
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we can write the potential term with a dependency on one single variable:
1
N
Tr
〈
G(y+,y;x+,x|λp+)G†(y+, y¯;x+, x¯|p+)
〉
=
∫ α⊥(y+)=y−y¯
α⊥(x+)=x−x¯
Dα⊥(ξ)
∫ β⊥(y+)=λy−y¯
β⊥(x+)=λx−x¯
Dβ⊥(ξ)
× exp
{
ip+
2(1− λ)
∫ y+
x+
dξ
(
λα˙⊥2 − β˙⊥2
)
− CF
2
∫ y+
x+
dξn(ξ)σ(α⊥(ξ))
}
.
(D.27)
The Euler-Lagrange equations constrain the trajectory of β⊥ to the classical path (eq.
(D.6)). This allows to perform the integral in β⊥ to be given by:
∫ β⊥(y+)=λy−y¯
β⊥(x+)=λx⊥−x¯
Dβ⊥(ξ) exp
{ −ip+
2(1− λ)
∫ y+
x+
dξβ˙⊥
2
}
=
p+
1− λ
−1
2pii(y+ − x+) exp
{ −ip+
2(1− λ)(y+ − x+) [λ(y − x)− (y¯ − x¯)]
2
}
.
(D.28)
As for the integral in α⊥, it reads
∫ α⊥(y+)=y−y¯
α⊥(ξ+)=x−x¯
Dα⊥(ξ) exp
{
ip+λ
2(1− λ)
∫ y+
x+
dξα˙⊥2 − CF
2
∫ y+
x+
dξn(ξ)σ(α⊥(ξ))
}
= K
(
y+,y − y¯;x+,x− x¯
∣∣∣∣ λ1− λp+
)
.
(D.29)
All in all, the final expression for eq. (D.25) reads
1
N
Tr
〈
G(x+,x; y+,y|λp+)G†(x+, x¯; y+, y¯|p+)
〉
=
−1
1− λ
p+
2pi(y+ − x+) exp
{ −ip+
2(1− λ)(y+ − x+) [λ(y − x)− (y¯ − x¯)]
2
}
× K
(
y+,y − y¯;x+,x− x¯
∣∣∣∣ λ1− λp+
)
,
(D.30)
that in the multiple scattering approximation can be solved using (D.19).
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D.3 Three path integrals
Here we will solve the path integrals that appear in eq. (3.5) in region II, in the large-N
approximation, that we write as
1
N2
∫ w(L+)=z
w(x+)=x1
Dw exp
{
iλp+
2
∫ L+
x+
dξ w˙2
}
× Tr
〈
G(L+,y;x+,x1|(1− λ)p+)W †(L+, x+; w)
〉
× Tr
〈
W (L+, x+; w)G
†(L+, x¯;x+, x¯1|p+)
〉
=
∫ r(L+)=y
r(x+)=x1
Dr(ξ)
∫ r¯1(L+)=x¯
r¯(x+)=x¯1
Dr¯(ξ)
∫ w(L+)=z
w(x+)=x1
Dw(ξ)
× exp
{
ip+
2
∫ L+
x+
dξ
[
λw˙2 + (1− λ)r˙2 − ˙¯r2
]}
× exp
{
−CF
2
∫ L+
x+
dξn(ξ) [σ(r(ξ)−w(ξ)) + σ(w(ξ)− r¯(ξ))]
}
.
(D.31)
Performing the following change of variables:
α⊥ = r−w, (D.32a)
β⊥ = λw + (1− λ)r− r¯, (D.32b)
the kinetic term becomes linear in r¯:∫ α⊥(L+)=y−z
α⊥(x+)=0
Dα⊥(ξ)
∫ r¯(L+)=x¯
r¯(x+)=x¯1
Dr¯(ξ)
∫ β⊥(L+)=λz+(1−λ)y−x¯
β⊥(x+)=x1−x¯1
Dβ⊥(ξ)
× exp
{
ip+
2
∫ L+
x+
dξ
[
β˙⊥
2
+ 2β˙⊥ · ˙¯r + λ(1− λ)α˙⊥2
]}
× exp
{
−CF
2
∫ L+
x+
dξn(ξ) [σ (α⊥(ξ)) + σ (β⊥(ξ)− (1− λ)α⊥(ξ))]
}
.
(D.33)
This allows us to find the Euler-Lagrange equations that constrain β⊥ to be
β⊥(ξ) = l2(ξ) =
1
L+ − x+ {(L+ − ξ)(x1 − x¯1) + (ξ − x+) [λz + (1− λ)y − x¯]} . (D.34)
Integrating β⊥ in ξ allows to integrate the linear term in ˙¯r and the two corresponding
path integrals, remaining just the integral in α⊥:∫ α⊥(L+)=y−z
α⊥(x+)=0
Dα⊥(ξ) exp
{
ip+
2
∆l2
∆ξ
(∆l2 + 2∆r¯)
}(
p+
2pi(L+ − x+)
)2
× exp
{
ip+
2
∫ L+
x+
dξλ(1− λ)α˙⊥2
− CF
2
∫ L+
x+
dξn(ξ) [σ(α⊥) + σ(l2 − (1− λ)α⊥)]
}
,
(D.35)
– 36 –
where ∆l2 = λz + (1− λ)y − x¯− x1 + x¯1, ∆ξ = L+ − x+ and ∆r¯ = x¯− x¯1.
Now, with the help of a change of variables
α⊥(ξ) =
γ⊥(ξ) + (1− λ)l2(ξ)
1 + (1− λ)2 , (D.36)
the remaining path integral can be performed in the multiple scattering approximation.
Thus equation (D.35) transforms into
exp
{
ip+
2
∆l2
∆ξ
(∆l2 + 2∆r¯) +
ip+
2
λ(1− λ)3
[1 + (1− λ)2]2
∆l2
2
∆ξ
− qˆF
12
∆ξ
1 + (1− λ)2
× (l22(L+) + l22(x+) + l2(L+)l2(x+))
}(
p+
2pi(L+ − x+)
)2
×
∫ γ⊥(L+)=y−z[1+(1−λ)]+x¯(1−λ)
γ⊥(x+)=−(1−λ)(x1−x¯1)
Dγ⊥(ξ) exp {iL(γ⊥, γ˙⊥, ξ)} ,
(D.37)
where
L(γ⊥, γ˙⊥, ξ) = p+
2
λ(1− λ)
[1 + (1− λ)2]2 γ˙⊥
2 +
p+λ(1− λ)2
[1 + (1− λ)2]2
∆l2
∆ξ
γ˙⊥+ i
qˆF
4
γ⊥2
1 + (1− λ)2 (D.38)
has the same form as equation (D.20) with a solution given by equation (D.21).
D.4 Four path integrals
Here we discuss how to perform the pieces containing four path integrals in eq. (3.13), for
region III. We will follow the techniques in appendix B.3 in [34]. The first piece reads
4PI1 =
1
N3
G(Y, Y2; r3|q+)G†(Y¯ , X¯2; r¯|q+)G(Z,Z2; w3|k+)G†(Z¯, X¯2; w¯|k+)
×
〈
Tr
(
W †(w¯)W (w3)
)〉
(L+,x2+)
〈
Tr
(
W †(w3)W (r3)
)〉
(L+,x2+)
×
〈
Tr
(
W †(r¯)W (w¯)
)〉
(L+,x2+)
=
∫ y
y2
Dr3
∫ y¯
x¯2
Dr¯
∫ z
z2
Dw3
∫ z¯
x¯2
Dw¯
× exp
{
ip+
2
∫ L+
x2+
dξ
[
(1− λ)(r˙23 − ˙¯r2) + λ(w˙23 − ˙¯w2)
]
−CF
2
∫ L+
x2+
dξn(ξ) [σ(w¯ −w3) + σ(w3 − r3) + σ(r¯− w¯)]
}
.
(D.39)
Performing the following change of variables:
u = r3 −w3,
u¯ = r¯− w¯,
v = (1− λ)(r3 − r¯) + λ(w3 − w¯),
w =
1− λ
2
(r3 + r¯) +
λ
2
(w3 + w¯),
(D.40)
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we get
4PI1 =
∫
Du
∫
Du¯
∫
Dv
∫
Dw
× exp
{
ip+
2
∫ L+
x2+
dξ
[
λ(1− λ)(u˙2 − ˙¯u2) + 2v˙ · w˙
]
−CF
2
∫ L+
x2+
dξn(ξ) [σ((1− λ)(u− u¯)− v) + σ(u) + σ(u¯)]
} (D.41)
where, hereafter, the integration limits should be read from (D.39) applying the corre-
sponding changes of variables.
Now, the Euler-Lagrange equations for w restrict v to be a straight line,
vc(ξ) = v(x2+) +
ξ − x2+
L+ − x2+ v(L+). (D.42)
The path integrals in w and v can be done and the result reads
4PI1 =
(
p+
2pi(L+ − x2+)
)2
exp
{
ip+
∆v
L+ − x2+ ·∆w
}∫
Du
∫
Du¯
× exp
{
ip+
2
∫ L+
x2+
dξ λ(1− λ)(u˙2 − ˙¯u2)
−CF
2
∫ L+
x2+
dξn(ξ) [σ((1− λ)(u− u¯)− vc) + σ(u) + σ(u¯)]
}
,
(D.43)
where ∆v = v(L+) − v(x2+) and ∆w = w(L+) − w(x2+). Now we use the harmonic
oscillator approximation (3.14). The change
u′ = u +
B
2A− 1vc,
u¯′ = u¯− B
2A− 1vc,
(D.44)
with
A = (1− λ)2 + 1, B = −(1− λ), (D.45)
turns (D.43) into
4PI1 =
(
p+
2pi(L+ − x2+)
)2
exp
{
ip+
∆v
L+ − x2+ ·∆w
}
× exp
−CF qˆ4
∫ L+
x2+
dξvc(ξ)
2
1 + 2(1− λ)2

∫
Du′
∫
Du¯′
× exp
{∫ L+
x2+
dξ
[
ip+λ(1− λ)
2
(
u˙′2 − ˙¯u′2 − 2B
2A− 1 v˙c · (u˙
′ + ˙¯u′)
)
−CF qˆ
4
[
A(u′2 + u¯′2)− 2(A− 1)u′ · u¯′]]} .
(D.46)
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Finally, the change
u′ = γ(a + βa¯),
u¯′ = γ(βa + a¯),
(D.47)
with
β =
A−√2A− 1
A− 1 , γ =
1√
1− β2 , (D.48)
gives
4PI1 =
(
p+
2pi(L+ − x2+)
)2
exp
{
ip+
v(L+)
L+ − x2+ · [w(L+)−w(x2+)]
}
× exp
−CF qˆ4
∫ L+
x2+
dξvc(ξ)
2
C(λ)2

∫
Da
∫
Da¯
× exp
{∫ L+
x2+
dξ
[
ip+λ(1− λ)
2
(
a˙2 − ˙¯a2 − 2Bγ(1 + β)
2A− 1 v˙c · (a˙ + ˙¯a)
)
−CF qˆ
4
C(λ)
[
a2 + a¯2
]]}
,
(D.49)
with
C(λ) =
√
2(1− λ)2 + 1 . (D.50)
Now, noting that v˙c is a constant, eq. (D.49) contains the path integrals for two
independent harmonic oscillators whose solution can be read from appendix D.1.
The second piece containing four path integrals in eq. (3.13) reads
4PI2 =
1
N3
G(Y, Y2; r3|q+)G†(Y¯ , X¯2; r¯|q+)G(Z,Z2; w3|k+)G†(Z¯, X¯2; w¯|k+)
×
〈
Tr
(
W †(w¯)W (w3)
)〉
(L+,x2+)
〈
Tr
(
W †(w3)W (w¯)
)〉
(L+,x2+)
×
〈
Tr
(
W †(r¯)W (r3)
)〉
(L+,x2+)
=
∫ y
y2
Dr3
∫ y¯
x¯2
Dr¯
∫ z
z2
Dw3
∫ z¯
x¯2
Dw¯
× exp
{
ip+
2
∫ L+
x2+
dξ
[
(1− λ)(r˙23 − ˙¯r2) + λ(w˙23 − ˙¯w2)
]
−CF
2
∫ L+
x2+
dξn(ξ) [2σ(w¯ −w3) + σ(r¯− r3)]
}
.
(D.51)
This expression clearly factorises into two independent sets of two path integrals (in (r3, r¯)
and (w3, w¯)) that can be directly solved using the results in appendix D.2.
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3.6. Summary and Prospects
In this chapter, theoretical improvements to the BDMPS-Z/ASW model
were calculated within the same path-integral formalism.
As a first step, taking the same level of approximations of the model,
the opposite kinematical regime in which a hard gluon is emitted from a
parent quark, was considered. The medium-induced radiation spectrum was
computed, and the vacuum contribution in the limit of hard emissions was
recovered. For the terms identified as the medium spectrum, an expression
with an explicit dependency with the fraction of energy, x, carried by the
gluon and factorization of the vacuum splitting function was accomplished.
By comparing the two spectra, that are related to different final particles, and
therefore, describe different observables, it was defined an energy of the radi-
ated parton, such that it translates the energy of the radiated gluon or quark
in the corresponding kinematical regime. Similar expressions were postulated
for the transport coefficient and transverse momentum. Such ansatz allowed
to write a single interpolating function, that is able to describe both limit-
ing situations. Some numerical results were presented by assuming a static
medium and by solving the medium averages in the multiple soft scattering
approximation.
The advantage of such description is that one can estimate the total energy
lost by a high-energy quark that propagates through a medium without hav-
ing to consider only soft radiation (although it was verified that it is the main
contribution to the spectrum, as expected). The results from the numerical
integrations confirm the generalized LPM effect in QCD derived in previous
works. A strong destructive interference, at small transverse momentum, is
observed when the radiated parton becomes harder. With increasing frac-
tion of energy carried by the radiated parton, the spectrum goes to zero, as
expected.
A correction to this description was made afterwards, by going beyond the
eikonal approximation. A Green’s function was associated to all particles, so
that all of them can undergo Brownian perturbations in the transverse dir-
ection. Following the same procedure as before, the medium-induced gluon
radiation off a parent quark was calculated, and full the vacuum emission
spectrum was recovered, without any kinematical approximations. The me-
dium contribution to the total emission spectrum was separated into different
regions, each with a fixed number of propagators. The calculation of the local
medium averages was performed in the multiple scattering approximation,
while the path-integrals were solved in the semiclassical approach. Analytical
solutions, without further assumptions were explicitly derived for the 4−point
function, and at large N for the 6−point correlation function.
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The result was the identification of two contributions, that have a clear
diagrammatic interpretation: after its emission the gluon become completely
uncorrelated of the final quark, or the color correlation between the final
particles is preserved. In the first situation, the two particles propagate inde-
pendently of each other and the total spectrum is just the incoherent sum of
the total radiation spectrum of the two particles suppressed by the interfer-
ences with the vacuum radiation. Thus, the branching process can be under-
stood as a factorization of single gluon emissions. The contribution in which
the quark and gluon are color correlated represents the coherent propagation
of the two particles, where the medium can only probe the pair as a singlet.
This additional suppression of the spectrum is controlled by a generalization
of the ∆med [Mehtar-Tani 2011] parameter to account for the Brownian mo-
tion of the final particles. This parameter depends on the characteristic scale
of the medium and decays exponentially with the transverse distance of the
dipole that is formed. Hence, the factorization does not hold during the whole
showering evolution, as there are non-negligible corrections when the trans-
verse resolution of the medium is larger than the transverse distance of the
dipole.
Several important ingredients for a more complete understanding of the
showering picture were identified in this work. The implementation of such
contents on a MC simulation would be a natural follow up of this work as it
would allow a direct comparison with the present experimental data. Inclusion
of other effects like color flow with medium constituents and elastic energy loss
would be also possible, enabling, in this way, the identification of the dominant
effect of energy loss inside a medium.
Chapter 4
Jets in Heavy-Ion Collisions
Jets have been used for more than 30 years to study the elementary dynam-
ics of the strong force as described by QCD. They started to be extensively
used in e+e− collisions, at the Large Electron Positron Collider (LEP), in ep
at the Hadron Elektron Ring Anlage (HERA), in pp at RHIC and, nowadays
at the LHC. Its success relies on the fact that it allows to make a mapping
between the partonic structure, that is created after the collision, with the
final colorless hadrons, that are formed at the end of the shower evolution.
The concept of a jet needs, however, to be fully specified, as there exist a wide
variety of jet algorithms that can be more appropriate for a given physical
system or purpose. Contrary to partons that have divergent splitting prob-
abilities in pQCD, a jet definition has to be infrared and collinear (IRC) safe
[Blazey 2000, Salam 2010]. These two requirements are necessary so that a
jet algorithm can be applied to experimental measurements, MC simulations
output and partonic calculations, with a similar representation in all these
types of events.
A very recent and active research field, originally proposed by [Baier 1999,
Salgado 2004], is the use of jets to probe the hot and dense medium that
is created in AA collisions. As discussed in chapter 2 and chapter 3, strong
final state effects are expected to influence the propagation of high-energy
partons, such as jet quenching phenomena. For this reason, jets are also
expected to be modified with respect to pp collisions. But the extension of
the usage of jets from pp to a AA environment is not an easy task, due to
the high level of background that is present. At the LHC, for instance, in
a typical event, although the rate of jet production can be quite large when
compared to RHIC, a 120 GeV jet is still immersed on an average level of
background around 100 GeV per unit η×φ area. This demands reliable tools
to disentangle jets from the background. A quantitative understanding of jet
areas, background and background fluctuations, as well as the response of a
jet finding algorithm to quenched jets, is necessary and is still an on-going task
[Blyth 2007, Grau 2009, Grau 2008, Lai 2008, Cacciari 2008a, Cacciari 2008c,
Cacciari 2010, Cacciari 2011, Cacciari 2013]
This chapter is dedicated to this problematic, with an analysis that tries
to enlighten the inherent problems of jet quenching interpretation in a pop-
ulated environment such as a AA collision. For that, a small introduction to
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the standard jet algorithms and background subtraction procedures is given.
To assess jet quenching effects the Q-PYTHIA Monte Carlo was used, that
although it was already summarily addressed in chapter 2, it will be further
discussed in this chapter. In this way, at the same time that jet reconstruc-
tion in AA collisions is investigated, a comparison of one of the jet quenching
formalisms with the new LHC jet-related data is carried out.
4.1. Jets as tools
Jet definitions provide a mapping between the particles of an event, usually
described by kinematic variables, and the final configuration of jets. Most of
interacting partons have different longitudinal boosts as they are not in the
center-of-mass frame of the colliding system. Thus, it is useful to represent
the final list of jets by boost-invariant variables, such as transverse energy,
ET or transverse momentum, pT , azimuthal angle φ and rapidity y. For
systems in which the mass of the particles can be neglected with respect to
the momentum, the pseudo-rapidity η is used instead. It is also a preferable
experimental variable to describe the data, as it translates the angle directly,
without further measurements.
A jet definition is always composed by a jet algorithm and by a recom-
bination scheme, that indicates what momentum should be assigned to the
combination of two particles. The standard procedure is the so called 4-vector
sum, where in order to merge two particles, its 4-vectors are summed up1.
Other recombination schemes can be viewed in [Salam 2010]. As for the jet
algorithms, they can be divided into two major categories2: the ones that are
based on cones, named cone algorithms; and the sequential recombination al-
gorithms, that repeatedly recombine the closest pair of particles in a way that
tries to mimic the QCD parton showering. Both are built on the assump-
tion that hadrons associated with the same jet, will be nearby each other.
The difference lies on how the vicinity is defined. While for cone algorithms,
the neighbors are determined on geometric phase space, the recombination
algorithms cluster particles by its transverse momentum.
4.1.1. Jet algorithms
The first algorithm to appear was a cone algorithm intended for e+e−
collisions, developed by Sterman and Weinberg in the 70s [Sterman 1977].
Since then, cone algorithms have evolved substantially, giving rise to two
1As a result, this recombination scheme produce massive jets.
2See [Salam 2010] and references therein.
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different families: iterative or fixed cone algorithms. While in the former,
the jet direction is determined based on an iterative process that runs over
high-energy seeds (particles), the fixed cones is a simple variant that does not
iterate the cone direction, but rather identifies a fixed cone around the seed
direction and calls that a jet. Nowadays, the most used one is the SiSCone
[Salam 2007], a seedless cone algorithm, that, in opposition to many of its
precedents, is IRC safe. These two properties ensure that neither soft nor
collinear parton emission will affect the number or energy of the final list of
jets. An illustration of these effects is shown in figures 4.1 and 4.2. In figure
4.1, partons are represented by vertical lines, with their height proportional to
their transverse momentum, while the rapidity is indicated by the horizontal
axis. Figures labeled with a) and b) represent how a collinear safe algorithm
should behave with the exchange of the hardest parton for a pair of partons
of smaller transverse momentum that are collinear to each other. While a
collinear safe algorithm is insensitive to this kind of emissions, a collinear
unsafe cone algorithm, like the one shown in figure 4.1 c) and d), will identify
two jets instead of one. In figure 4.2, the angular structure is used instead to
illustrate how the addition of a soft gluon, can convert two jets (illustrated in
b)), into one single jet (figure 4.2 c)) when applying IR unsafe algorithms.642 E r. Phys. J. C (2010) 67: 637–686
Fig. 1 Illustration of collinear
safety (left) and collinear
unsafety in an IC-PR type
algorithm (right) together with
its implication for perturbative
calculations (taken from the
appendix of [37]). Partons are
vertical lines, their height is
proportional to their transverse
momentum, and the horizontal
axis indicates rapidity
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perturbative QCD consequence of this here is that the infini-
ties in diagrams (c) and (d) contribute separately to the 1-jet
and 2-jet cross sections. Thus both the 1-jet and 2-jet cross
sections are divergent.
The IC-SM case IC-SM (and IC-SD) type algorithms have
the drawback that the addition of an extra soft particle, act-
ing as a new seed, can cause the iterative process to find a
new stable cone. Once passed through the split–merge step
this can lead to the modification of the final jets, thus making
the algorithm infrared unsafe. This is illustrated in Fig. 2: in
an event (a) with just two hard partons (and a W , which bal-
ances momentum), both partons act as seeds, there are two
stable cones and two jets. The same occurs in the (negative)
infinite loop diagram (b). However, in diagram (c) where
an extra soft gluon has been emitted, the gluon provides a
new seed and causes a new stable cone to be found contain-
ing both hard partons (as long as they have similar momenta
and are separated by less than 2R). This stable cone overlaps
with the two original ones and the result of the split–merge
procedure is that only one jet is found. So the number of jets
depends on the presence or absence of a soft gluon and after
integration over the virtual/real soft-gluon momentum the
2-jet and 1-jet cross sections each get non-cancelling infinite
contributions. This is a serious problem, just like collinear
unsafety. A good discussion of it was given in [43].
The midpoint “fix” for IC-SM algorithms A partial solu-
tion [33–36] (described also in [43]), which was recom-
mended in [21], is to additionally search for new stable
cones by iterating from midpoints between each pair of sta-
ble cones found in the initial seeded iterations (ICmp-SM).
This resolves the problem shown in Fig. 2 and the resulting
“midpoint” algorithm has often been presented as a cone
algorithm that was free of IR safety issues. However, for
configurations with three hard particles in a common neigh-
bourhood (rather than two for the IC-SM algorithms) the IR
safety reappears, as illustrated in Fig. 3.
The “midpoint algorithm” has been widely used in Run II
of the Tevatron within CDF (midpoint cone algorithm) and
D∅ (Run II Cone algorithm, or improved legacy cone algo-
rithm). The two experiments have separate implementations,
with slightly different treatment of seeds (CDF imposes a
threshold, D∅ does not), cone iteration (D∅ eliminates cones
below a pt threshold, CDF does not) and the split–merge
stage. In practice both algorithms incorporate a number of
further technical subtleties (for example an upper limit on
the number of iterations, or split–merge steps) and the best
reference is probably the actual code (available both within
FastJet [45] v2.4 and SpartyJet [46]).
Impact of IRC unsafety The impact of infrared and colli-
near (IRC) unsafety depends on the observable in which
one is interested. For example for the IC-SM type algo-
rithms, the configuration on the right of Fig. 2 is a NNLO
contribution to the W + jet cross section, i.e. a contribu-
tion α3s αEW×∞. Physically, the infinity gets regularised by
non-perturbative effects and so is replaced by a factor of or-
der lnpt/Λ, giving an overall contribution α3s αEW lnpt/Λ.
Since αs ∼ 1/ ln(pt/Λ), this can be rewritten as ∼ α2s αEW,
i.e. the NNLO diagrams will give a contribution that is as
large as the NLO diagrams. Thus the perturbative series
Figure 4.1: Schematic view of the collinear safe property. Vertical lines rep-
resent partons, with their height proportional to their transverse momentum
and horizontal axis indicate the rapidity (image taken from [Salam 2010]).
The second family of jet algorithms (recombination algorithms) have also
their origin in e+e− experiments, but were extended to the application in
experiments with incoming hadrons. Although they are IRC safe by con-
struction, the high multiplicity that exists in a heavy-ion collision poses a
practical challenge for computer codes that carry out the jet finding. Usually,
the computation time that is required, scales as some power of the multipli-
city, N . However, by using geometrical considerations, this limiting factor
can be overcome, and nowadays, a fast implementation of most of these al-
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perturbative QCD consequence of this here is that the infini-
ties in diagrams (c) and (d) contribute separately to the 1-jet
and 2-jet cross sections. Thus both the 1-jet and 2-jet cross
sections are divergent.
The IC-SM case IC-SM (and IC-SD) type algorithms have
the drawback that the addition of an extra soft particle, act-
ing as a new seed, can cause the iterative process to find a
new stable cone. Once passed through the split–merge step
this can lead to the modification of the final jets, thus making
the algorithm infrared unsafe. This is illustrated in Fig. 2: in
an event (a) with just two hard partons (and a W , which bal-
ances momentum), both partons act as seeds, there are two
stable cones and two jets. The same occurs in the (negative)
infinite loop diagram (b). However, in diagram (c) where
an extra soft gluon has been emitted, the gluon provides a
new seed and causes a new stable cone to be found contain-
ing both hard partons (as long as they have similar momenta
and are separated by less than 2R). This stable cone overlaps
with the two original ones and the result of the split–merge
procedure is that only one jet is found. So the number of jets
depends on the presence or absence of a soft gluon and after
integration over the virtual/real soft-gluon momentum the
2-jet and 1-jet cross sections each get non-cancelling infinite
contributions. This is a serious problem, just like collinear
unsafety. A good discussion of it was given in [43].
The midpoint “fix” for IC-SM algorithms A partial solu-
tion [33–36] (described also in [43]), which was recom-
mended in [21], is to additionally search for new stable
cones by iterating from midpoints between each pair of sta-
ble cones found in the initial seeded iterations (ICmp-SM).
This resolves the problem shown in Fig. 2 and the resulting
“midpoint” algorithm has often been presented as a cone
algorithm that was free of IR safety issues. However, for
configurations with three hard particles in a common neigh-
bourhood (rather than two for the IC-SM algorithms) the IR
safety reappears, as illustrated in Fig. 3.
The “midpoint algorithm” has been widely used in Run II
of the Tevatron within CDF (midpoint cone algorithm) and
D∅ (Run II Cone algorithm, or improved legacy cone algo-
rithm). The two experiments have separate implementations,
with slightly different treatment of seeds (CDF imposes a
threshold, D∅ does not), cone iteration (D∅ eliminates cones
below a pt threshold, CDF does not) and the split–merge
stage. In practice both algorithms incorporate a number of
further technical subtleties (for example an upper limit on
the number of iterations, or split–merge steps) and the best
reference is probably the actual code (available both within
FastJet [45] v2.4 and SpartyJet [46]).
Impact of IRC unsafety The impact of infrared and colli-
near (IRC) unsafety depends on the observable in which
one is interested. For example for the IC-SM type algo-
rithms, the configuration on the right of Fig. 2 is a NNLO
contribution to the W + jet cross section, i.e. a contribu-
tion α3s αEW×∞. Physically, the infinity gets regularised by
non-perturbative effects and so is replaced by a factor of or-
der lnpt/Λ, giving an overall contribution α3s αEW lnpt/Λ.
Since αs ∼ 1/ ln(pt/Λ), this can be rewritten as ∼ α2s αEW,
i.e. the NNLO diagrams will give a contribution that is as
large as the NLO diagrams. Thus the perturbative series
Figure 4.2: Schematic view of the IR safe property, based on the decay of the
W boson into two hard partons. The cones represent the angular structure of
the jet and the horizontal direction indicates the rapidity (image taken from
[Salam 2010]).
gorithms is contained in the FastJet package [Cacciari 2012]. The most recent
series of recombination algorithms can be generically formulated as follows
[Cacciari 2012]: given a pair of particles (i, j), compute the distance
dij = min
(
p2pti , p
2p
tj
) ∆R2ij
R2
, (4.1)
where pti is the transverse momentum of the particle i, R the radius of the
cone that will control the size of the jets3, and
∆R2ij = (yi − yj)2 + (φi − φj)2, (4.2)
where yi is the rapidity and φi the azimuthal angle. Then, find the minimum
of the distance given by equation (4.1) and
diB = p
2p
ti . (4.3)
If dij < d B, cluster the two particles and redo the process for the remain-
ing particles. Otherwise, consider i to be a final jet and remove it from
the initial list of particles. The process is stopped only when all particles
are clustered into final state jets. The parameter p can be set to 0, 1 or
−1, giving origin to the Cambridge and Aachen (C/A) [Dokshitzer 1997,
Wobisch 1998], the kt [Catani 1991, Catani 1993, Ellis 1993] and the anti-kt
[Cacciari 2008b] algorithms respectively. The first is characterized by produ-
cing energy-independent clusterings, the kt favors the clustering that involves
3Usually this parameter ∈ [0.2; 0.5]. Its optimal value is based on studies of the back-
ground activity in MC simulations.
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soft particles, while the anti-kt benefits the clustering between hard particles
and has also the advantage of producing circular jets. The latter feature, to-
gether with a clustering that resembles the QCD hard parton shower, makes
the anti-kt algorithm the most widely used for jet reconstruction in pp and
AA experiments at the LHC.
4.1.2. Proton-proton vs nucleus-nucleus
Another difficulty in the study of jets is the presence of the background
given by the underlying event (UE). This is produced by the simultaneous soft
collisions that may occur with the hard collision that initiates the high-pT jets
of interest, and also by the simultaneous pp collisions that may occur by bunch
crossings (pileup (PU)). These contributions will affect the true momentum
of a jet, and need to be properly subtracted. This problem is well known
from jet studies in pp collisions, and several approaches were built to account
for this effect [Cacciari 2008a, Cacciari 2008c]. In HICs, the background con-
tamination is a serious problem due to the presence of simultaneous nucleon-
nucleon (NN) collisions, making this subtraction even more demanding. The
background determination usually consists on determining the 4-vector active
area of each jet, Aµi [Cacciari 2008c]. This quantity provides a measurement
of the susceptibility of a jet to be contaminated by soft background. After-
wards, the average background density, ρ, is estimated from a list of jets, that
is reconstructed using an algorithm that is more sensitive to the soft particles
that form the bulk of an event, usually, the kt algorithm. With a value for ρ,
the 4-momentum of a jet can be corrected by calculating
pµ,subi = p
µ
i − ρAµi , (4.4)
where pµi is the reconstructed jet 4-momentum and p
µ,sub
i the corrected one.
Many analysis of the LHC collaborations implement this method in con-
junction with a simple cut in transverse momentum, pminT , that is applied to
all particles [Aad 2010, Aad 2013a]. An estimate of the average value of ρ is
then performed considering only the remaining particles. This have the ad-
vantage of being very straightforward for application in both experiment and
MC output. Nevertheless, this procedure may be eliminating some particles
that contain important information about energy loss processes. Thus, an op-
timal choice of the value of pminT is necessary to control for detector effects and
to reduce background contamination, at the same time that no information is
lost.
While this procedure is exact for a uniform background, usually there ex-
ists a dependency in rapidity that, if not properly accounted, can result in an
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underestimation of the background for the central region, and an overestima-
tion for more forward regions of the event. Due to flow effects, in non-central
collisions a dependency with the azimuthal angle can also appear. To ac-
count for these two effects, more sophisticated estimations can be performed
[Cacciari 2011]. Instead of one single value for ρ per event, several values
can be calculated, based on strips in y, circular or doughnut ranges around a
jet, or a more sophisticated parameterization to account precisely for ρ(y) or
ρ(y, φ) dependency. Then, a subtraction like (4.4), can be used, where now
the dependency with y or (y, φ) is explicit. Considering that these paramet-
erizations demand a very good knowledge of the background morphology, a
simple technique consists on the estimation of the ρ values in a region of the
detector that is not affected by the hard event, and then extrapolate to the
area of interest4.
An obstacle perhaps more challenging than the background average energy
are its fluctuations, not only of the background level from event-to-event, σρ,
but also from point-to-point in a single event, σ. With these two sources, an
accurate reconstruction of the jet energy is not possible, even if ρ is properly
estimated and accounted for. If one tries to correct the 4-momentum of a jet
on an event average basis, one needs to correct for both effects [Cacciari 2011],
pµ,subi = p
µ
i − 〈ρ〉Aµi ± σ
√
Aµi ± σρAµi , (4.5)
where 〈ρ〉 is the average value of ρ for all considered events. On the other hand,
a correction performed on each event is only affected by the local fluctuations,
such that
pµ,subi = p
µ
i − ρAµi ± σ
√
Aµi . (4.6)
Thus, an event-by-event correction is preferable as it reduces the jet pT smear-
ing. Nevertheless, an estimation of the correct value of σ may be challenging,
and the comparison of the MCs simulation with experimental data may not be
so transparent due to a possible background contamination. Several strategies
to handle these issues in HIC, and to allow a direct comparison between the
two outputs, are currently being investigated. From the theoretical point of
view, one of the possibilities is to simulate the underlying event, in which the
quenched event is embedded in, and to apply a background procedure as close
as possible of the experimental one. However, there are several difficulties
inherent to this kind of approach, like it will be shown in the work developed
in section 4.3. A full characterization of the background is mandatory, but
due to different detectors capabilities, the values of ρ and σ provided by the
4This procedure is also applied in some jet observables, as the jet fragmentation functions
(FFs) [Chatrchyan 2012c].
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LHC collaborations [Abelev 2012a, Aad 2013a] are different and therefore, it is
difficult to make a comparison. As a consequence, the comparison of the MCs
output with experimental data could only result into a qualitative indication
of the physical phenomena.
From the experimental point of view, two procedures are currently being
used. Some of the LHC collaborations apply unfolding techniques to account
for background effects at the same time that detector efficiencies are also
included [Aad 2013a, Abelev 2012a]. While with this procedure, a direct
comparison from jet quenching MCs and experimental data could be, in prin-
ciple, possible, experimental data is modified in a way that depends on the
MCs codes that each collaboration has applied. Another possibility that was
investigated by CMS very recently, is to make a parameterization that ac-
counts for all these effects (background, background fluctuations and detector
effects) [Chatrchyan 2013b]. The application of this function to jet quenching
MCs results, would transform the output of the simulation into one that can
directly compared to unmodified data.
4.2. Jet quenching in jet analysis
The propagation of highly energetic jets through a dense medium leads
not only to modifications of the jet itself, but also to modifications of the
medium in the vicinity of the jet. These changes will modify the output of
the hadronic stage when compared to pp. Thus, a quantitative understand-
ing of jet-induced modifications as well of medium-induced modifications is
important, not only for a correct background subtraction procedure, but also
because it provides insight into the interplay between the two systems. An
understanding of the jet backreaction is only possible through a description
that unifies jet and medium evolution. However, current jet quenching studies
are based on a decoupled picture, that consists on a jet quenching model for
the description of the hard process of interest, that afterwards is embedded
into some MC simulation of the medium. The difficulties of a coupled descrip-
tion arise from the fact that the two main ingredients are described by very
different scales and therefore, very different physical descriptions. While jets
can be described within perturbation theory due to the presence of a hard
scale, and thus treated in terms of individual partons, the evolution of the
medium bulk is governed by non-perturbative QCD, usually formulated using
a continuous dynamical system. This is still an on-going task and several
efforts are currently being done on that direction. First attempts consist on
considering the recoil of scattering centers that interact with the jet [?], and
the description of the medium through some hydrodynamical evolution, where
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the jets energy deposition can play the role of source terms in the calculations
[Neufeld 2010].
4.2.1. Jet quenching Monte Carlo: Q-PYTHIA
In this chapter, a decoupled scheme between hard event and medium is
assumed. For the hard event, it is used the Q-PYTHIA MC with different
quenching parameters, while the for the medium, a toy model based on the
particle transverse momentum distribution is used instead.
To simulate quenching effects, Q-PYTHIA modifies the splitting functions
(SFs) and the Sudakov form factor in the t-ordered routine of PYTHIA 6,
∆(t1) = exp
[
−
∫ t1
t0
dt′
t′
∫ z+
z−
dz
αs(t1)
2pi
P (z)
]
, (4.7)
where t represents the virtuality of the branching process, z the fraction of
energy and P (z) the splitting function that is modified as in equation (2.50):
Ptot(z) = Pvac(z)→ Ptot(z) + ∆P (z, t, qˆ, L, E), (4.8a)
∆P (z, t, qˆ, L, E) ' 2pit
αs
dImed
dzdt
. (4.8b)
The correction term, ∆P , depends on: the energy fraction, z, and trans-
verse momentum, kT , carried away by the radiated gluon; on the virtuality,
t = z(1 − z)k2T ; and also on the energy E of the parent parton. The me-
dium information is encoded in the medium length L, and on the transport
coefficient qˆ, although for practical reasons, the code is formulated with the ac-
cumulated transverse momentum, qˆL, and the gluon characteristic frequency,
ωc = qˆL
2/2. The medium-induced gluon radiation spectrum, dImed/dzdt, is
taken from the ASW formulation in the multiple soft scattering [Casalderrey-
Solana 2007], that is only valid for small z. The extension to large z is made
through the multiplication of a z factor if the parent parton is a gluon, to-
gether with a symmetrization around z = 1/2, and by (1 + z2)/2 if the parent
parton is a quark. The ordering of subsequent branchings is taken as in stand-
ard PYTHIA, but a correction procedure is introduced at every splitting to
take into account the space-time evolution of the shower. Thus, energy de-
gradation is considered at each splitting. Furthermore, the length traveled by
a parton before a gluon decoheres completely from the parent wave function,
lcoh = 2ω/k
2
T , is subtracted from the total medium length, L − lcoh, where ω
and kT is the energy and transverse momentum of the radiated gluon with re-
spect to the parent parton. In this way, the probability of the first splitting is
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evaluated for the whole L, while the subsequent branching have its probability
computed for L− lcoh.
The results from this modification, at partonic level, include [Armesto 2008,
Armesto 2009] a softening of the energy spectrum, as predicted by standard jet
quenching expectations, at the same time that there is an enhancement of low-
pT particles. In principle, these particles should contain a larger pT induced by
Brownian motion, but due to energy-conservation effects, the increase of mul-
tiplicity makes the reshuﬄe of the distribution of energy-momentum among
the different jet constituents. As a consequence, extrapolating this observation
to a jet, if the radius R is increased, the energy should be recovered and no
significant amount of energy loss should be observed. Also, it is observed an
angular distribution that becomes broader with increasing qˆ, inducing broader
jets with respect to pp.
4.3. An analysis of the influence of background
subtraction and quenching on jet observ-
ables in heavy-ion collisions
The Q-PYTHIA predictions may, at first view, not be fully consistent with
the experimental data discussed in chapter 2. In order to induce a signific-
ant amount of energy loss, the quenching mechanism may generate a shift in
the jet direction that is not observed in the experimental data. Nonetheless,
this model will be used to check the effects of quenching, within the ASW
formalism, on a more quantitative level. It is in this context that the work
that led to the paper that follows, was developed. At the time of its elabor-
ation, none of the LHC collaborations had presented a parameterization to
account for background and detector effects. Thus, several pictures for differ-
ent background configurations were investigated, including different values of
ρ, σ, as well as flow up to the v3 component. Using these different scenarios,
a check of two different background subtraction methods was also performed,
namely: the average subtraction within the FastJet package; and a pedestal
subtraction, similar to the one in used by CMS at the time.
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Abstract: Subtraction of the large background in reconstruction is a key ingredient in
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1 Introduction
The characterization of the medium produced in ultrarelativistic heavy-ion collisions through
observables whose production involves a large perturbative scale — hard probes — is one
of the main subjects in high-energy nuclear physics at present. Among the different hard
probes, the suppression of energetic particles and of jet-like correlations generically called
jet quenching, see [1–4] for recent reviews, lies among the most prominent ones. Indeed, at
the Relativistic Heavy Ion Collider (RHIC) the suppression of high transverse momentum
particles and of non-photonic electrons from heavy flavor decays, and the suppression of
back-to-back correlations, has been observed [5–10]. The same observables are currently
under study at the Large Hadron Collider (LHC) [11–15] where the suppression of high
transverse momentum charged particles, charmed mesons, and of back-to-back correlations,
have been measured.
While studies at hadron level have been crucial in order to establish the existence and
to gain understanding on the jet quenching phenomenon, the study of jets was proposed
long ago as a complementary possibility [16, 17]. Specifically, single hadron spectra are
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supposed to be mostly sensitive to the medium-induced energy loss of the leading parton
coming from a hard scattering, while jet-related observables should offer information about
the medium modifications on the QCD branching process. The latter are expected to be
affected by potential biases in a different manner than the former and, thus, they offer
a possibility to additionally constrain the mechanism of energy loss and characterize the
medium produced in the collisions.
Jet studies at RHIC [18–22] face several difficulties both at the detector level and due
to kinematical limitations. On the other hand, in the last two years several jet-related
analysis have been performed at the LHC [23–28] that have triggered great interest and
a large experimental, phenomenological and theoretical activity. Summarizing, the results
show: (i) a larger imbalance of the transverse energy of leading and subleading jets in
PbPb collisions than in pp and increasing with centrality, which indicates the existence
of medium-induced energy loss; (ii) a similar azimuthal distribution between leading and
subleading jets in central PbPb collisions to that in pp, apparently pointing to the absence
of sizable medium-induced broadening in transverse momentum; (iii) an excess of soft par-
ticles at large angles with respect to the subleading jet in PbPb collisions and increasing
with increasing dijet momentum imbalance, compared to Monte Carlo expectations which
reproduce pp data; (iv) a lack of sizable modifications of the hard jet fragmentation (i.e.
the fragmentation into particles with energies close to the jet energy) between pp and PbPb
collisions. These observations look, at first sight, challenging for the standard explanation
of jet quenching in terms of medium-induced gluon radiation in which energy loss and
broadening are linked and the induced radiation is semi-hard. Several phenomenological
works have appeared [29–35] that claim to predict totally or partially the observed ex-
perimental results in terms of different mechanisms and discuss the compatibility of the
observed results with those at hadron level [5–15] and their standard explanations.
On the other hand, jet studies in hadronic collisions demand a procedure in order to
separate jet constituents from the background of soft particles not coming from the shower
of a hard parton, see [36] and refs. therein. This is true both in pp collisions due to pileup
but becomes mandatory in heavy-ion collisions where the energy per unit area in pseudo-
rapidity × azimuth becomes of the order of the energy of the jet, O(100 GeV). Strategies
to deal with this situation have been devised e.g. in [37–39]. On the phenomenological
side, the ideal situation consists in considering that the background subtraction applied to
experimental data has completely removed the effects of the background on the jet energy
and substructure. Assuming that this is the case and that jet and medium are decoupled,
the only thing to be done in order to compare with data is computing the jet spectrum in
elementary (pp) collisions without and with medium effects (as usually done in the study
of hadron spectra).
In a realistic situation, however, it may turn out that this ideal aim cannot be achieved.
On a theoretical level, the coupling between jet and medium may turn out to be so im-
portant that it cannot be neglected and the simple embedding of an elementary collision
in a heavy-ion background does not work. On the reconstruction level, it may happen
that the jet-background back-reaction (i.e. how the hard content of the jet changes if its
hard constituents are clustered together with a soft background [38]) cannot be controlled
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and the jet energy and substructure become altered in a way that cannot be corrected
for a generic background already for jets not affected by medium effects. In this case the
use of realistic heavy-ion events for background, and the same reconstruction techniques
used in the experimental analysis, is compulsory and the background subtraction becomes
part of the jet definition. Indeed, it has been noted in [40] that the fluctuations in a
single-event background may affect the dijet energy imbalance and thus the extraction
of medium properties and the characterization of the energy loss mechanism. This point
has triggered experimental studies [41] on the effect of background fluctuations on the jet
enegy resolution. Thus, a full phenomenological analysis of jet production in heavy-ion
collisions would require: (a) the generation of medium-modified jet events and a realistic
fluctuating background, either coupled or decoupled; (b) the reconstruction of the jets and
subtraction of the background in a way as close as possible of the experimental analy-
sis, eventually including detector effects like calorimeter granularity, particle momentum
cut-offs and particle species dependence, or efficiencies.
Nevertheless, the mentioned procedure is very involved and our understanding of how
to model a realistic fluctuating background and how to treat the coupling between medium
and hard probe is still unsatisfactory. As a consequence, none of the phenomenological
analysis of jet observables in PbPb at the LHC available until now follow the full procedure
outlined above. Therefore, it becomes extremely important to understand how the different
ingredients used in the analysis of jets in heavy-ion collisions affect the different observables.
This is compulsory for a more precise extraction of medium properties and characterization
of the mechanism responsible for the medium-induced modification of jets. It will also allow
the design of new observables that may complement the existing ones in order to achieve
these aims.
In this work, we focus on the effects of two ingredients: background fluctuations in a
given event and quenching (implemented as radiative energy loss in a given Monte Carlo
model, Q-PYTHIA [42]), on several jet observables like the dijet energy imbalance, the
azimuthal distributions and the single jet spectra. Some considerations on the momentum
imbalance in jet events using particles will also be presented. We will assume a totally
decoupled scheme for the jets and the medium. For the jet signal, we generate pp collisions
with different quenching strengths. For the background, we use a simple, flexible toy model
that allows us to control the mean values of multiplicities [43–45] while varying the fluctu-
ations of the background and other characteristics like the azimuthal asymmetries [46–48].
We use two background subtraction methods: an area-based background subtrac-
tion [49] through FastJet [50, 51]; and a pedestal subtraction that attempts to mimic
the method used by CMS [25, 26, 37]. In this latter case, two procedures for fixing the
parameters in the method will be examined. For both methods, jets will be defined using
the anti-kt algorithm [52] as done by ATLAS [23, 24]
1 and in the most recent work by
CMS [26].
The paper is structured as follows: in section 2 we describe the observables, the toy
model for the background and the methods for background subtraction. In section 3 we
1ATLAS uses a new method for background subtraction in their recent analysis of the nuclear modifi-
cation factor of jets [24].
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show the results for the observables for different choices of background parameters and for
both background subtraction techniques. In section 4 we introduce the quenching and show
the results for the mentioned observables, including the distribution of missing momentum
for particles in jet events. Our conclusions will be presented in section 5.
Finally, let us stress that the aim of this work is not to criticize the experimental
analyses. Both ATLAS and CMS [23, 25–27], using widely different experimental appara-
tuses and analysis techniques and even observables, reach similar conclusions. Our aim is
to investigate to which extent the approximation of neglecting the background effects on
jet reconstruction in heavy-ion collisions fails, and to clarify which medium characteristics
have to be more carefully modeled in order to make a sensible job when analyzing phe-
nomenologically such observables. We also attempt to scrutinize how quenching may affect
these observables when a background is introduced. For that, we mimic — admittedly in
a simplified way — the methods used in the experimental analyses as it may turn out that
they show different sensitivities to medium characteristics and quenching.
2 Jet observables, background model and jet reconstruction
2.1 Jet observables
In order to study jets in a heavy-ion environment, we will assume that they are fully
decoupled from the medium. We will generate the jet signal via pp collisions at
√
s = 2.76
TeV in Q-PYTHIA [42] that is based on PYTHIAv6.4.18 [53]. We use the DW tune [54],
a minimum pT in the hard scattering of 70 GeV/c (except for the spectrum of jets, where
several files of PYTHIA were simulated with different bins of pT in the hard scattering, from
5 GeV/c to 302 GeV/c) and only QCD physics processes (i.e. PYTHIA settings MSEL=1,
CKIN(3)=70.0). We have checked that this minimum pT offers a compromise between
minimizing the CPU time required for the simulations and minimizing the biases in the
distributions (observed in [40]) for the minimum ET of the leading jet that we will use, see
below. Samples of 105 pp events are generated in this way for each set of parameters.2 For
details of the simulation with quenching, we refer to section 4. Background subtraction is
not performed for pp events as it gives a negligible effect.
We will examine the following observables (details of the kinematical cuts will be
provided in subsection 2.3):
• The inclusive jet spectrum in ET .
• For the hardest and next-to-hardest jets in the event, with transverse energies ET1
and ET2 respectively, the distribution in azimuthal angle between them,
∆φ = |φ1 − φ2| (2.1)
and the dijet energy imbalance or asymmetry, defined as
AJ =
ET1 − ET2
ET1 + ET2
. (2.2)
2Note that Q-PYTHIA with no medium effects (qˆ = 0) is identical to standard PYTHIA.
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• The average missing transverse momentum defined as〈
/p
‖
T
〉
=
∑
i
−piT cos(φi − φleading jet), (2.3)
where the sum runs over all charged particles in the event with transverse momenta
piT and azimuthal angle φi. Note that the expression above has a sign that sets
the projection of particles on the hemisphere of the leading jet to give a negative
contribution to the sum.
2.2 Toy model for the background
Background subtraction is needed in order to attempt to define the jet characteristics when
the jet is produced together with an underlying event. In order to study the influence of the
background subtraction method on the different jet observables, we will use a toy model
for generating particles uniformly in pseudorapidity η and azimuthal angle φ along the
full detector acceptance, with the following distribution in transverse momentum pT which
smoothly matches a thermal-like spectrum to a power law:
f(pT ) ∝

e−pT /T , pT ≤ αT,
e−α
(
αT
pT
)α
, pT > αT.
(2.4)
Here α = 6 is a power suggested by perturbative calculations and T is a ’temperature’
which determines the exponential behavior of the soft part of the spectrum. We generate
in this way N particles with a mean value corresponding to a multiplicity dN/dη = 2100
which is allowed to fluctuate from event to event following a Gaussian distribution with
a dispersion of a 4 % of the mean value. In this way we attempt to mimic the 0 ÷ 10 %
centrality class [43–45] in the experimental analyses [23–27].
In eq. (2.4), the temperature is used as a free parameter to control the main charac-
teristics of the background, the average level of energy deposition per unit area (ρ) and
fluctuations (σjet) in η × φ. These two quantities are computed through FastJet v.2.4.2
with active areas, see details in the following subsection. The corresponding values3 can
be seen in Fig. 1.
Additionally, this simple toy model allows the introduction of an event-by-event az-
imuthal modulation in the form of elliptic v2 and triangular v3 flow that we will do, in
subsection 3.2, in order to check the sensitivity of the reconstruction to those additional
fluctuations that exist in a real event [46–48].
3Our σjet values are in rough agreement with the ones measured by ALICE [41] and ATLAS [24],
although our average energy density per unit area, ρ is larger than the one measured in the experiments.
ALICE, using only charged tracks, a minimum cut of pTmin = 1 GeV and reconstructed jets using the
kt-algorithm with R = 0.4, finds σjet to be between 8.5 and 8.8 GeV. Scaling by
√
1.5 to account for neutral
particles (assumed uncorrelated with charged), this would correspond to σjet ≃ 10.8 GeV. As for ATLAS,
the comparison is not so straightforward since the effective cut-off for charged particles is pTmin ≃ 0.5
GeV and fluctuations from the calorimeter are included in the experimental value. Nevertheless, taking the
definition that is closer to the area occupied by a jet with R = 0.4, ATLAS gives σjet ≃ 12.5 GeV.
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Figure 1. Energy density per unit area, ρ (left) and region-to-region fluctuations σjet on a jet of
R = 0.4 (right), for different values of temperature T = 0.7 (red dotted), 0.9 (black dashed) and
1.2 GeV (green solid) in the background toy model.
It should be stressed that this model is not realistic: the transverse momentum spec-
trum does not describe experimental data [11–13] no particle species dependence is con-
sidered, the η-distribution is flat and, although the experimental value of σjet lies within
the range that we consider, our value of ρ is larger than the experimental one [41] for all
considered temperatures. In any case, in this work we do not attempt to provide an extrac-
tion of the medium characteristics from jet observables at the LHC, but to identify some
potential challenges for phenomenological analysis. Therefore the flexibility of the model
and the fast generation of backgrounds possible through it gives a substantial advantage
for this study, though it presents limitations for the missing transverse momentum that we
will comment in subsection 4.2. The use of some Monte Carlo simulator e.g. PSM [55],
that we employed in a preliminary stage of this work, does not provide such flexibility and
the results for jet observables were compatible when the values of ρ and σjet in the toy
model and in the Monte Carlo are similar (see appendix A for some discussion).
2.3 Jet reconstruction
Jets are defined within the Les Houches accords [56] for particles species and lifetimes.
Except for the analysis of the missing transverse momentum, jets are reconstructed using
particles with a minimum cut for the transverse energy of ETmin = 1 GeV and contained
in |η| < 3. The jet finding algorithm used is anti-kt with a resolution parameter set to
R = 0.3. For dijet event reconstruction, we require the leading jet to have ET1 ≥ 120
GeV and the sub-leading jet ET2 ≥ 30 GeV. The dijet asymmetry has an additional cut,
∆φ > 2pi/3, to select only dijet pairs in opposite direction. As for the missing transverse
momentum, the dijet pair follows previous constraints, but the projection is made using
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only charged particles with a minimum cut of ETmin = 0.5 GeV, and the acceptance is
tightened to |η| < 2.4 for particles and |η| < 1.6 for the dijet pair. Also, the jet resolution
parameter in this case is changed to R = 0.4.
For the background subtraction, two different techniques are applied: an area-based
method using the FastJet package [38, 49] and a pedestal subtraction method. In the case
of the area-based method, jets are found with the kt-algorithm (R = 0.4) over a full stripe
in |η| < 2. The event-wise energy density per unit area, ρ is estimated by taking the median
of the ratio precT /A
rec for all kt clusters, where A
rec and precT are the area and momentum of
the reconstructed cluster. To reduce the influence of true jets on the background estimate,
the two hardest clusters are removed from the median calculation. The fluctuations are
computed through the 1-σ dispersion (below the median) from the distribution of the ratio
precT /A
rec for all kt clusters, see [38, 49] for details.
2.3.1 Pedestal background subtraction method
In order to apply this method, we define a grid resembling the calorimeter segmentation
of CMS: for −3 ≤ η ≤ −1.74 and 1.74 ≤ η ≤ 3, we divided the η axis in 13 bins and the φ
axis in 36 bins giving each cell an area of ∆η×∆φ ≃ 0.0969× 0.174. For the most central
part of the calorimeter, −1.74 < η < 1.74, the η axis was divided in 40 bins whereas the φ
axis into 72 bins, resulting in an area of ∆η ×∆φ ≃ 0.0870× 0.0873 for each cell.
The subtraction procedure consists on the following steps:
1. Each cell is filled with the transverse energy of the input particles that have an
ETmin >1 GeV. For each bin of η, all the cells in φ are summed and the average
transverse energy and dispersion are computed as:
〈
EtowerT (η)
〉
=
∑
iE
tower
T i
#φ bins
, (2.5)〈
σtowerT (η)
〉
=
√〈
EtowerT (η)
2
〉− 〈EtowerT (η)〉2 . (2.6)
2. For each cell, the average cell energy and dispersion in the corresponding η stripe are
subtracted and set to zero if the result is negative:
Etower∗T = max
[
EtowerT −
〈
EtowerT (η)
〉− κ 〈σtowerT (η)〉 , 0] , (2.7)
where EtowerT is the original energy of the cell and E
tower∗
T the corrected one (note
that this implies noise reduction).
3. Using only particles that are inside cells with a non-zero Etower∗T , jets with a transverse
energy higher than a cut, ET > ET,jets, are reconstructed.
4. In order to remove true jets from the background estimate, the cells/particles con-
tained in the reconstructed jets with ET > ET,jets are removed from the event and
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step 1 is repeated; a final estimate of background energy and dispersion in each η
stripe is thus obtained.4
5. Finally, step 2 is repeated using the initial values of EtowerT and new corrected energies
are found. Again, cells with negative transverse energy are set to zero and the final
list of jets is found from the cells with ET > 0.
The two parameters in the method5 are κ and ET,jets. The former defines the amount
of fluctuation that are removed and have a large effect due to the zeroing of the cells that
becomes negative in step 2. The latter sets the limit above which reconstructed jets are
considered true signal jets so that their constituent cells are removed from the background
estimate. Their optimal values depend on the toy model parameters. In our case, we fix
them in two different ways.
• We fix ET,jets = 30 GeV and vary κ in order to get the better reconstruction of the
single inclusive jet spectrum at high ET (the specific value of ET depends on the
background parameter T ), similarly in spirit as done in [37]. In this way, the optimal
reconstruction of the jet energy is achieved, but for values of κ that are larger than
the value κ = 1 used in [25, 26, 37].
• We fix κ = 1 (as in [25, 26, 37]) and determine an optimal value of ET,jets by
comparing the values of the background estimates in all η stripes (
〈
EtowerT (η)
〉
and〈
σtowerT (η)
〉
) given by the subtraction method, to the corresponding values when the
toy model is purely underlying event, without generation of a hard component. Pro-
ceeding in this way, this method results quite independent of how the jets are gener-
ated for the comparison i.e. of whether we use quenched or unquenched jets and of
the (presently uncertain) embedding of the jet in the medium, as only the background
parameters and not the jet spectra are considered. But it results in quite a deficient
reconstruction of the single inclusive jet spectrum. We present the results of this
procedure in appendix B but discuss its results compared to the previous procedure
in the main part of the manuscript.
We refrain from varying simultaneously κ and ET,jets in order to understand how the
details of the reconstruction affect the different observables. It turns out that the key aspect
is not this simultaneous variation but the way of fixing them i.e. whether you choose a
better reconstruction of the jet energy or of the input background.
4One sample of the resulting values of
〈
EtowerT (η)
〉
and
〈
σtowerT (η)
〉
for a toy background with moderate
fluctuations (T = 0.9 GeV) can be seen in figure 14. Taking
〈
σtowerT (η)
〉 ∼ 2 GeV from the barrel of the
calorimeter and scaling by
√
number of cells occupied by a jet with R = 0.3 that is ∼ √37, this would
correspond to σjet ∼ 12 GeV. Comparing to the values presented by CMS [57] for the most central collisions
(that include fluctuations from the calorimeter and consider an effective pTmin ≃ 0.5 GeV), RMS ∼ 9 GeV,
one can observe that our value is larger but in rough agreement with the experimental one.
5Another possibility for tuning the method would be changing the ETmin of the considered particles. We
do not explore such possibility here as we want to compare the pedestal method with the FastJet area-based
one with the same particles included in the jet reconstruction for both methods.
– 8 –
J
H
E
P02(2013)022
 (GeV)TE
40 60 80 100 120 140 160 180 200
)
-
1
 
(G
eV
T
/d
E
jet
s
dN
310
410
PbPb 2.76TeV, ptgen = 5-302 GeV
Etmin = 1 GeV
R = 0.3, Rbkg = 0.4
-1
 fm2 = 0 GeVq
FastJet bkg sub
Pythia
Pythia + T = 0.7
Pythia + T = 0.9
Pythia + T = 1.2
(a) Reconstructed inclusive jet spectra using the Fast-
Jet area method.
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Figure 2. Inclusive jet spectrum of pure (unquenched) PYTHIA events (black dotted line) and
spectrum of subtracted jets for PYTHIA embedded in the toy model background with a T = 0.7
(red dashed line), T = 0.9 (blue long dashed line) and T = 1.2 GeV (green solid line).
3 Effects of the different characteristics of the underlying event
3.1 Background energy and event-by-event fluctuations
The effect of background fluctuations on jet observables has extensively been discussed
in [40]. In this section we explore the response of the different reconstruction/subtraction
techniques to background fluctuations and background energy, and their impact on the
inclusive jet spectrum, dijet asymmetry and azimuthal correlations.
The inclusive jet spectrum in heavy-ion collisions is affected over the entire ET range
by background. E.g. the convolution of a steeply falling perturbative jet spectrum with the
fluctuations measured by ALICE [41] in central PbPb collisions using a cut of pTmin = 0.15
GeV, leads to an enhancement of the jet yield of a factor ∼ 10 even for high ET > 60 GeV.
This enhancement is reduced to a factor of ∼ 1.3 when pTmin = 2 GeV.
figure 2(a) shows a comparison between the reconstructed inclusive jet spectrum for
PYTHIA events (black dotted line) and for PYTHIA events embedded in different con-
figurations of background (red dashed, blue long dashed and green solid). In this figure
the background subtraction was done using the area-based FastJet method. As one can
observe the background causes an enhancement of the jet yield with respect to PYTHIA
that persists up to rather large6 values of ET .
6One can observe that all spectra are in agreement for ET ≥ 90 GeV. For smaller transverse energies,
however, there is an overestimation of the jet population, which increases with increasing background values.
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(a) Dijet asymmetry using FastJet.
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(b) Dijet asymmetry using a pedestal technique.
Figure 3. Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with qˆ = 0 embedded in a
background with different T ’s. The red dotted lines correspond to a background with T = 0.7, the
black dashed ones to a T = 0.9 and the green solid ones to a T = 1.2 GeV. The blue points are the
CMS data with the corresponding error bars and the purple triangles the CMS Monte Carlo [26].
The inclusive spectra for the case of the pedestal subtraction method is shown in
figure 2(b), using ET,jets = 30 GeV and varying κ. The result of this procedure is similar
to that with the area subtraction,7 although the value of ET below which the reconstructed
spectrum exceeds the input one is larger for the pedestal method, particularly for the largest
T . The optimal values of κ are sizably larger than 1. In the following, we use κ = 2.2 for all
values of T . On the other hand, for the second procedure in the pedestal method indicated
in subsection 2.3.1, the impact of background fluctuations is stronger and the jet yield is
enhanced with respect to PYTHIA up to ET ∼ 200 GeV for all considered temperatures,
see appendix B.
Concerning the dijet asymmetry, background fluctuations can induce a momentum
imbalance of the dijet pair by differently shifting the energy of the two jets. Furthermore,
an incorrect estimation of ρ will originate a possible shift in the jet energy that affects
both jets equally in the same event. Since the observable AJ is normalized to the dijet
transverse energy, this can induce modifications in the distribution.
In figure 3(a) the dijet asymmetry is shown for different values of T using the FastJet
area-based background subtraction method. The momentum imbalance of the dijet pair
The energy at which the jet subtracted spectrum deviates from the PYTHIA result is around 45 GeV for
T = 0.7, 60 GeV for T = 0.9 and 90 GeV for T = 1.2 GeV. These are approximately the average levels of
energy deposition inside a cone of R = 0.3 for each value of T . Thus, the reconstruction method fails at
this point since the amount of background jets at these energies increase and it is not able to distinguish
between a jet coming from the hard event or a pure background jet.
7In both cases, for ET > 140 GeV the input and reconstructed spectra differ less than 10 %.
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(a) Dijet azimuthal correlation using the FastJet
area-based method.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.
Figure 4. Dijet azimuthal correlation (∆φ) for a simulation using Q-PYTHIA with qˆ = 0 embedded
in a background with different T ’s. The red dotted lines correspond to a background with T = 0.7,
the black dashed ones to a T = 0.9 and the green solid ones to a T = 1.2 GeV. The blue points are
the CMS data with the corresponding error bars and the purple triangles the CMS Monte Carlo [26].
increases with fluctuations, but the effect is mild for small-to-moderate fluctuations. For
σjet ∼ 15 GeV, there are significant changes in the shape and mean value of the distribution
with respect to the cases of lower average background fluctuations and a good agreement
with the CMS Monte Carlo (PYTHIA pp events embedded in HYDJET [58], see [26]) is
found. When the pedestal subtraction method with ET,jets = 30 GeV and κ = 2.2 is
used (see figure 3(b)), a similar effect is observed, which suggests that the effect of the
fluctuations on this observable can actually be understood in terms of the single inclusive
spectrum. On the other hand, for the second procedure in the pedestal method indicated
in subsection 2.3.1 (κ = 1) we observe that the asymmetry is reduced with increasing T , see
appendix B. This may be linked to the increasing shift of the single inclusive distributions
discussed there.
The effect of the background subtraction on the azimuthal correlation of the dijet pair
is also explored. The results using FastJet area-based subtraction method are shown in
figure 4(a). The ∆φ distance between the dijet is stable under changes on the background
main characteristics, ρ and σjet. When using the pedestal method with ET,jets = 30
GeV and κ = 2.2 (Figure 4(b)), the azimuthal correlation shows similar features to those
observed with the area-based subtraction, though a small pedestal in the whole ∆φ range
appears for the highest fluctuations — an effect that becomes more pronounced for the
second procedure in the pedestal method indicated in subsection 2.3.1, see appendix B.
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Temperature (GeV) v2 = 0.0, v3 = 0.0 v2 = 0.1, v3 = 0.0 v2 = 0.1, v3 = 0.03
T = 0.7 7.69 9.16 9.26
T = 0.9 10.74 13.31 13.47
T = 1.2 15.14 19.36 19.67
Table 1. Values of σjet (in GeV) obtained using FastJet.
3.2 Flow
Now we turn to introducing flow in our simulation in order to understand its relevance for
the observables that we want to describe. To consider the effects of flow in our toy model
we modulate the distribution of particles in azimuth according to:
dN
dφ
∝ 1 +
∑
n
vn(pT ) cos(nφ). (3.1)
We include up to the third component v3 in the previous expression and take the pT
integrated values8 to be v2(pT ) =< v2 >= 0.1 and v3(pT ) =< v3 >= 0.03. While these
values are larger than the experimentally measured ones for central collisions [46], we use
them in order to explore the potential sensitivity of the jet observables. Additionally, a
random reaction plane (RP) is defined for each event. Note that we assume that PYTHIA
jets and their constituents do not flow and are uncorrelated with the reaction plane.
By introducing the flow components, the effective value of the fluctuations change.
In table 1 the effective values of σjet for each background T and each configuration of
flow parameters are shown. The largest difference is observed for T = 1.2 GeV, where
the fluctuations increase by ∼ 5 GeV/area. In the following, we use this background
configuration to examine jet observables.
figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0,v3 = 0;v2 = 0.1,v3 =
0;v2 = 0.1,v3 = 0.03) using the FastJet area-based (Figure 5(a)) and the pedestal (with
ET,jets = 30 GeV and κ = 2.2, figure 5(b)) methods for background subtraction. The
dijet asymmetry shows negligible dependence on flow, see also the results for the second
procedure in the pedestal method in appendix B.
The azimuthal correlation, as shown in figures 6(a) and 6(b) for FastJet area-based
and pedestal subtraction (with ET,jets = 30 GeV and κ = 2.2) methods respectively, shows
a bump near ∆φ ∼ 0. This bump is more evident for the second procedure in the pedestal
method, see appendix B. Note that since the azimuthal flow is a modulation in φ, the
corresponding fluctuations are not local or random. They have a symmetry that follows
the Fourier components. Due to a higher concentration of particles in certain areas of
the phase space, the jet finding algorithm will reconstruct mostly the jets on that regions.
Thus, the transverse energy is recovered, not affecting significantly the dijet momentum
imbalance. But the number of events in which the two leading jets are close in azimuth
(but not too close to be merged by the clustering algorithm) increases, inducing a bump
at ∆φ ∼ 0. This effect can be seen in figure 7, that shows the correlation of the azimuthal
angle of the leading jet, φ1, and the results for the dijet asymmetry using the pedestal
8These values correspond to semi-peripheral collisions, see [46].
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(a) Dijet asymmetry using the area-based Fast-
Jet method.
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(b) Dijet asymmetry using a pedestal technique.
Figure 5. Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with qˆ = 0 embedded in a
background with T = 1.2 GeV. The red dotted lines correspond to a simulation without flow, the
black dashed ones with an elliptic flow component (v2 = 0.1) and the green solid ones with an
additional triangular flow component (v2 = 0.1, v3 = 0.03). The blue dots are the CMS data with
the corresponding error bars and the purple triangles the CMS Monte Carlo [26].
subtraction method.9 Without flow (Figure 7(a)), all events have a leading jet distribution
approximately uniform over all phase space. When a v2 component is introduced, the
leading jet is more likely to be found at φ = φRP = 0 and φ = pi for the events of small
asymmetry, as shown in figure 7(b). The same will happen with the subleading jet, since
here is where the concentration of particles is higher. In figure 7(c), a v3 component
is also introduced. Its main effect is to reduce or destroy the leading jet-subleading jet
symmetry along the reaction plane. If other Fourier components are taken into account,
the correlation between AJ and φ1(2) might become reduced.
Two comments are in order: First, the pedestal subtraction method seems to be very
sensitive to fluctuations at the level of the inclusive spectrum. The combinatorial excess
of jets up to high jet ET for the highest T is probably behind the pedestal observed in
the previous subsection as well as the flow dependence in Fig. 7 (though some effect is
also visible for the FastJet area-based subtraction method). Second, the effects that were
observed in this subsection are for unrealistically large values of flow and background but, in
any case, they point to the importance of not only the average fluctuations but also of their
azimuthal distribution. A careful consideration of this feature when making azimuthally
differential studies seems unavoidable.10
9Results are similar to those obtained with the Fastjet area-based subtraction method.
10The possibility of a v2-modulated background is considered in the experimental analysis in [24]. Besides,
the use of more sophisticated, local definitions of the regions where the background is extracted [38], should
result in a better consideration of flow in background subtraction.
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(a) Dijet azimuthal correlation using FastJet.
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Figure 6. Dijet azimuthal correlation (∆φ) for a simulation using Q-PYTHIA with qˆ = 0 embedded
in a background with T = 1.2 GeV. The red dotted lines correspond to a simulation without flow,
the black dashed ones with an elliptic flow component (v2 = 0.1) and the green solid ones with an
additional triangular flow component (v2 = 0.1, v3 = 0.03). The blue dots are the CMS data with
the corresponding error bars and the purple triangles the CMS Monte Carlo [26].
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Figure 7. Correlation between AJ and φ1 for a simulation using Q-PYTHIA with qˆ = 0 embedded
in a background with T = 1.2 GeV with a reaction plane fixed to φRP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep red
denotes increasing correlations.
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4 Quenching
In the previous section the effects of background characteristics and subtraction methods on
jet observables were identified. Here we explore the influence of quenching by varying the
transport coefficient qˆ in Q-PYTHIA (we refer the reader to [42] for a detailed description
of the model and the physics contained in it). By increasing qˆ, the jet shower is accelerated
with respect to that in vacuum due to the increasing number of medium-induced splittings,
and the shape of the splittings is modified resulting in an increase of semi-hard, large
angle (non-collinear) emissions tamed by energy-momentum conservation. In our case,
the medium density has been considered proportional to the nuclear overlap as in the
PQM model [59], see the details in that reference (thus the average value of qˆ is obtained
as in there)11. While this is not a realistic model for medium densities and evolution,
it contains some of the potential biases, like surface bias, that must be included in any
realistic medium modeling.
In what follows, the results will be presented for qˆ = 4 GeV2 fm−1 (black dashed lines)
and qˆ = 8 GeV2 fm−1 (green solid lines), while keeping the ones for qˆ = 0 (red dotted
lines) as a reference. Furthermore, flow is not considered due to its negligible impact
on the asymmetry and the T parameter is fixed to T = 0.9 GeV, which corresponds to
fluctuations σjet ∼ 11 GeV.
Let us stress that we make no attempt to confront the results of Q-PYTHIA with
data. This would demand considering other observables like nuclear modification factors
of particles and jets and it is not the focus of this paper. As an example of one specific point
that deserves further investigation within the model, the number of events that pass the
cuts that are imposed, is a small fraction of the initial sample and decreases with increasing
qˆ. This, as usual, points to the existence of some bias. For example, for a simulation with
qˆ = 8 GeV2 fm−1, less than 20% of the events that we get with qˆ = 0 fulfill the cuts. This
aspect deserves further investigation that we leave for the future.
4.1 Asymmetry
figure 8 shows the dijet asymmetry (Figure 8(a)) and the dijet azimuthal correlation (Fig-
ure 8(b)) using the area-based FastJet subtraction method for different strengths of quench-
ing. The increase of qˆ induces momentum imbalance: for qˆ = 8 GeV2/fm, the AJ distri-
bution is in qualtitative agreement with experimental data (the agreement seems better
when considering the difference between the CMS Monte Carlo and CMS data [26]).On
the other hand, in spite of the shower being degraded in energy so that a significant AJ
is induced by quenching, the azimuthal dijet correlation is not very strongly modified, in
apparent conflict with the generic link between energy loss and broadening [1–4].
Similar results are obtained for the pedestal method with ET,jets = 30 GeV and κ =
2.2, figure 9. When the second procedure in the pedestal subtraction method is used
instead, see appendix B, the momentum imbalance induced by quenching persists, but it
11The value of impact parameter was fixed to 3.3 fm, and the nuclear density distributions are Wood-
Saxon with a radius of 6.34 fm and a nuclear thickness 0.545 fm.
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(a) Dijet asymmetry AJ .
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(b) Dijet azimuthal correlation.
Figure 8. Dijet observables for a simulation using Q-PYTHIA with different qˆ embedded in a
background with T = 0.9 GeV (σjet ≃ 11 GeV). The red dotted lines corresponds to qˆ = 0, the
black dashed ones to qˆ = 4 GeV2 fm−1 and the green solid ones to qˆ = 8 GeV2 fm−1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS Monte
Carlo [26]. The background subtraction method is the area-based FastJet one.
is less significant than in the previous cases and the agreement with data is consequently
poorer even for qˆ = 8 GeV2 fm−1. The azimuthal correlations are slightly broader.
4.2 Missing transverse momentum
Another observable of interest is the missing transverse momentum measured by CMS [25].
Given a dijet pair, the projection of the charged tracks onto the dijet axis is computed
as indicated in Equation (2.3). All charged particles with pT > 0.5 GeV/c and within
|η| < 2.4 enter the sum. CMS measures (2.3) to be zero for all dijet asymmetries and
different centralities, meaning that the momentum balance of the dijet pairs is recovered.
CMS further explores the jet structure by computing the missing pT with only the tracks
that are contained inside or outside a cone of radius R = 0.8 around the leading and
subleading jet axis. Several relevant observations in PbPb collisions, which becomes more
and more significant with increasing momentum imbalance, are extracted from the study:
• For R < 0.8 there is a net negative
〈
/p
‖
T
〉
dominated by tracks with pT > 8
GeV. For R > 0.8 there is a net positive contribution dominated by tracks with
low 0.5 < pT < 1 GeV.
• Both contributions sum up to give a net zero
〈
/p
‖
T
〉
.
• The subleading jet structure is significantly softer in data than in the CMS
Monte Carlo.
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Figure 9. Dijet observables for a simulation using Q-PYTHIA with different qˆ embedded in a
background with T = 0.9 GeV (σjet ≃ 11 GeV). The red dotted lines corresponds to qˆ = 0, the
black dashed ones to qˆ = 4 GeV2 fm−1 and the green solid ones to qˆ = 8 GeV2 fm−1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS Monte
Carlo. The background subtraction was made using a pedestal method [26].
In summary, CMS measures dijet events with large momentum imbalance. In those
events, the core of the subleading jets is degraded in energy and this energy is recovered at
large angles in the form of soft particles. This suggests a mechanism for energy loss that
transports soft particles up to very large angles. Such a mechanism is not implemented
as such in Q-PYTHIA, as commented above. Nevertheless, here we will show the results
that this quenching model provides. The reason, apart from its intrinsic interest, is that
it provides an example of an observable that considers all particles without background
subtraction (except for the definition of the leading jet axis that hopefully is little affected
as shown by the experimental azimuthal correlations). Note that our toy model simulates a
system with global variables similar to those measured in the experiment: multiplicity and
average background fluctuations. However, the distribution of particles in momentum and
the range of their correlations is unconstrained. The observable defined in equtation (2.3)
studies the track structure with respect to the dijet axis and is sensitive to these details
not considered in our toy model. In the absence of a truly realistic background model we
rather present our results for Q-PYTHIA alone, thus aiming for — at most — a qualitative
study of the observable.
In figure 10, we show the results for the average missing transverse momentum using
Q-PYTHIA with qˆ = 0. Each pT bin contribution is associated to a different color. In
figure 10(a), where the full phase space for the projection is considered, there is a higher
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Figure 10. Average missing transverse momentum
〈
/p
‖
T
〉
for Q-PYTHIA simulated events
with qˆ = 0.
amount of hard particles (pT > 8 GeV) in the direction of the leading jet. Those are
essentially balanced by particles with a transverse momentum pT > 2 GeV and only a small
fraction of the available energy is carried by the softest particles. When only particles inside
a cone of R = 0.8 around the leading and subleading jets are considered (Figure 10(b)), the
momentum imbalance is due to an excess of hard particles in the direction of the leading jet.
Outside this cone (Figure 10(c)) the composition of the event is also essentially hard (pT > 4
GeV/c). These features are in qualitative agreement with the CMS Monte Carlo [25].
Taking our results for qˆ = 0 as reference, we now explore the effects of quenching: we
consider Q-PYTHIA with a qˆ = 8 GeV2 fm−1 in figure 11. The global structure changes
and the projections onto the leading and subleading axis are softened. Note that for qˆ = 0
there was an excess of hard particles at R > 0.8 with respect to the subleading jet. For
qˆ = 8 GeV2 fm−1, this excess of momentum is driven by particles with pT ∈ [0.5, 4] GeV/c.
This softening of the particle composition, mostly noticeable at large angles with respect
to the subleading jet, is in qualitative agreement with data.
In order to discuss this finding, let us consider events with a large asymmetry AJ > 0.3.
Both the Q-PYTHIA simulation with qˆ = 0 (proton-proton) and the CMS simulation
contain a hard contribution outside the subleading jet cone. This can only come from
either hard emissions at large angles from the subleading jet that are reconstructed as a
third jet at ∆R > 0.8 or from a hard scattering with 3 hard particles (real ”3 jet-like”
structures). The latter are suppressed by the cut in ∆φ and, in any case, they are not
considered in PYTHIA that only contains lowest-order matrix elements. Now we turn on
quenching: by definition, the subleading jet suffers a larger energy degradation that implies
a larger amount of radiation in radiative energy loss scenarios, and the jet-finding algorithm
will most probably reconstruct two or more smaller jets instead of a single broad jet. This
combination of semi-hard jet multiplication at large angles (but still inside the dijet cone
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Figure 11. Average missing transverse momentum
〈
/p
‖
T
〉
for Q-PYTHIA simulated events with
qˆ = 8 GeV2 fm−1.
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Figure 12. Average number of jets, < #(jets) >, for Q-PYTHIA simulated events with different
qˆ. The red dotted lines corresponds to qˆ = 0, the black dashed ones to qˆ = 4 GeV2 fm−1 and the
green solid ones to qˆ = 8 GeV2 fm−1.
as hard particles lead the jet reconstruction in the anti-kt algorithm) with the fact that
these semi-hard jets are further forced to radiate in-medium, may lead to an overall softer
composition even outside the cone formed by the dijet pair.
Such considerations are supported by figure 12(a), where the average number of jets
with a transverse momentum pT > 8 GeV is shown for all phase space. The red dotted lines
corresponds to a simulation of Q-PYTHIA using qˆ = 0, the black dashed ones to qˆ = 4
GeV2 fm−1 and the green solid ones to qˆ = 8 GeV2 fm−1. The number of jets is found
to increase with the asymmetry and with qˆ. With quenching, the jet finding algorithm
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reconstructs more jets than in vacuum. Inside a cone around the leading and subleading
jet (Figure 12(b)) the same description is found: in proton-proton, on average only the
dijet pair is reconstructed but, when medium effects are present, an additional jet with
pT > 8 GeV is identified. Outside the cone, however, if we compute the average number
of jets that have at least one particle with a transverse momentum pT,track > 8 GeV, we
see that this number decreases with increasing qˆ (Figure 12(c)). So, in general, medium
effects produce more jets but with a softer composition.
One may argue that such considerations may become washed out by the presence of a
background in PbPb collisions that may lead to a larger number of jets picking background,
relatively soft constituents. Even in this case, the increase of the soft contribution at large
angles with respect to the dijet should remain.
5 Conclusions
In this work we address the question of the effects of jet reconstruction and background
subtraction in high-energy heavy-ion collisions on different jet observables. Our aim is to
gain insight on how these issues affect the understanding and detailed characterization of
the produced medium through present jet observables (using the experimental data on the
dijet asymmetry and azimuthal correlation in [26] and on the missing transverse momentum
in [25] as references).
For this purpose, see section 2, we use a highly flexible toy model for the background —
where particles are simulated according to a thermal spectrum matched to a power law at
larger transverse momentum — that allows fluctuations both among different events and,
more importantly, event-by-event. By changing the slope of the exponential function, T ,
we can set different values for the background fluctuations, σjet, and for the average level
of energy deposition, ρ. The results of the toy model have also been checked and found
in agreement with those using a detailed Monte Carlo simulator for the background, the
PSM model. Jets are generated through pp events in PYTHIA for vacuum jets. In order
to address possible interplays between a different structure of in-medium quenched jets, we
also generated samples of jets with different degrees of quenching through pp collisions in
Q-PYTHIA. We have studied two background subtraction techniques: the FastJet area-
based method, where the estimation of the background parameters is made at jet level;
and a pedestal method, where the background estimation is made at a calorimetric level
and uses a pedestal subtraction. For the latter, two procedures have been used to fix the
parameters, either enhancing the subtraction of background (i.e. using κ > 1 for fixed
ET,jets) or, see appendix B, by considering that the background may contain harder and
harder jets (i.e. varying ET,jets for fixed κ = 1). Their influence on several jet observables:
jet spectra, dijet azimuthal correlation and dijet asymmetry, was investigated in section 3.
The conclusions that we get are the following:
• Concerning the inclusive jet spectra: for the Fastjet procedure and for the pedestal
method with κ > 1, it mainly depends on the average deposition of energy that sets
a lower bound in pT for the reconstruction ability of the method; for the pedestal
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one with κ = 1 it depends on the cut used to separate the particles coming from
the hard event and the background particles, ET,jets, that we have tuned in order to
reconstruct the same level of background with and without embedded jets.
• The dijet asymmetry or momentum imbalance is affected by the background fluctua-
tions in the Fastjet method and for the pedestal method with κ > 1, with increasing
fluctuations going in the same direction that pp to increasingly central PbPb colli-
sions observed in data (as already observed in [40]). As for the pedestal technique
with κ = 1, its sensitivity to background parameters is smaller for small fluctua-
tions but may even work in opposite direction than the FastJet method for larger
background parameters.
• The azimuthal correlations between hardest and next-to-hardest jets is little affected
by different background parameters for the FastJet method, while for the pedestal
technique some effect in the form of a pedestal at all azimuths is seen for the largest ρ
and σjet, a feature that we attribute to the appearance of fake jets due to the presence
of the background.
• When including azimuthal structures v2 and v3 in the background, we find that
’realistic’ values do not result in a significant change in the dijet asymmetry, but can
induce modifications in the dijet azimuthal correlation. This feature is due to the
azimuthal distribution of the dijet pair following the particle distribution modulation.
As a consequence, a strong correlation between the dijet asymmetry and the dijet
azimuthal coordinate may appear for large background parameters.
From this study, when using the toy model to simulate the background, or a more
realistic Monte Carlo simulator, we conclude that for the FastJet background subtrac-
tion, an average ρ and σjet are sufficient to characterize a background, since no apparent
dependency was found. As for the pedestal method, we find a higher sensitivity to the
background intrinsic structure which requires a tuning of the parameters in the method,
specifically the value ET,jets that separates those jets whose constituents are included in
the background estimation from those whose constituents are not included, and the value
κ that sets the level of background subtraction above the average and leads to larger empty
cells for reconstruction. Note that in this respect our results differ from the qualitative
estimations in [40] due to the use of different parameters κ and ET,jets and a different
background model.
In section 4, we studied the effect of a different jet substructure using quenched jets
through Q-PYTHIA with different transport coefficient parameters, qˆ, to simulate the
medium effects for pp events that are then embedded in the background. We find significant
changes depending on the background subtraction technique that was used. Specifically:
• At the level of the dijet asymmetry, quenching increases it but this effect is sizably
larger for the FastJet method and for the pedestal method with κ > 1 for background
subtraction, than for the pedestal one with κ = 1.
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• At the level of the dijet azimuthal correlation, we find no strong change with quench-
ing for the FastJet method and for the pedestal method with κ > 1, while the pedestal
one with κ = 1 results in a sizable modification due to quenching.
From all this, we conclude that a key feature in background subtraction is the criteria
that it is considered to fix the parameters in the method. When the optimization of the
reconstructed energy is considered, both the area-based method and the pedestal one show
similar features.
We also investigated, in subsection 4.2, the average missing transverse momentum ob-
servable by comparing Q-PYTHIA without background with the CMS results. We checked
first a Q-PYTHIA simulation without medium effects (qˆ = 0) which results in qualitative
agreement with the CMS simulation (PYTHIA events embedded in a HYDJET back-
ground [25]). Then, switching quenching on, we found that Q-PYTHIA has the same
trend than CMS data for this observable: a softer composition in the subleading jet direc-
tion that persists even at large angles from the dijet direction. Considering that both this
fact and the interpretation of the dijet asymmetry and azimuthal correlations as energy
loss without broadening defy the ’standard’ understanding of radiative medium-induced
energy loss (in which energy loss and broadening are linked and radiation is semi-hard and
takes place at large angles), we find this qualitative agreement between Q-PYTHIA and
data noteworthy.
From our study, it seems unavoidable to conclude that the naive expectation that
background subtraction methods are enough for phenomenological jet studies to extract
medium characteristics without considering the background, becomes strongly weakened.
Indeed, it seems that realistic — even real — background events and the use and detailed
understanding of the background subtraction method used in each experiment are required
in order to achieve the medium characterization through jet observables. We hope that
it helps to trigger joint experimental-theoretical efforts in order to set standards for jet
definition and reconstruction in heavy-ion collisions, paralleling the ones done in pp [56]. As
a bonus, we got some input on the limitations and unexpected features of quenching models
compared to several observables, and on their interplay with background subtraction. Work
along these directions will be subject of our future studies.
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Figure 13. Spectrum of pure PYTHIA jets (black dotted lines) and of subtracted jets using
PYTHIA with PSM as background model (blue solid lines) and with the toy model with T = 0.7
GeV (red dashed lines).
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A Comparison of the background models
The first studies that were done to understand the influence of the background main char-
acteristics on the observables used a Monte Carlo (PSM [55]) to simulate the background.
In the end, this was substituted by a toy model, described in subsection 2.2, since it was
easier to provide different values of ρ and σjet. In order to test if the toy model was an
valid tool for jet studies, we compare the inclusive jet subtracted spectrum (Figure 13) us-
ing both background models, with the same level of fluctuations (σjet,PSM = 7.8 GeV and
σjet,toy = 7.7 GeV) and similar average level of contamination (ρPSM = 115.6 GeV/area
and ρtoy = 137 GeV/area). For the toy model, these correspond to T = 0.7 GeV. In
figure 13(a), the background subtraction was performed using FastJet with its standard
parameters, indicated in subsection 2.3. We get a very good agreement between both sub-
tracted spectra (red dashed lines for the toy model and blue solid lines for PSM) and the
original PYTHIA spectrum (black dotted lines). In fact, the subtraction seems to be effec-
tive up to smaller pT when using the toy model, which may come from the detailed shape ρ
distribution for each background. We also compare the effect of the background structure
in the dijet asymmetry and azimuthal correlation, but no sizable change was found.
For the pedestal subtraction method, a discontinuity in the subtracted spectrum ap-
pears in figure 15. As discussed there, this is related to the cut used in the subtraction
procedure, ET,jets. But the cut only appears for a uniform background (without the clus-
tering structures coming from a more realistic underlying event). We test the same back-
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ground subtraction technique using PSM for the background simulation (see figures 13(b)
and 13(c)), where the best value for ET,jets is the same, and this discontinuity does not
appear. Still, the results are quite identical.
Furthermore, no significant deviations are found when we compare the jet subtracted
spectrum, momentum imbalance and azimuthal correlation obtained using both back-
ground models, for both background subtraction methods. From this, we conclude that
our toy model is reliable for our jet studies.
B Second procedure for fixing the parameters in the pedestal subtraction
method: fixing κ = 1, varying ET,jets
In this appendix we elaborate on the pedestal subtraction method when we fix κ = 1 (as
in [25, 26, 37]) and determine an optimal value of ET,jets by comparing the values of the
background estimates in all η stripes (
〈
EtowerT (η)
〉
and
〈
σtowerT (η)
〉
) given by the subtraction
method, to the corresponding values when the toy model is purely underlying event, without
generation of a hard component. An example is shown in figure 14 for T = 0.9 GeV. One
can see that, although the average values of
〈
EtowerT (η)
〉
and
〈
σtowerT (η)
〉
are in more or less
agreement with those in [37], we can only have a satisfactory match12 between the input
background parameters (black dashed) and the final estimation parameters (green solid)
when ET,jets = 60 GeV. For temperatures of T = 0.7 GeV, and T = 1.2 GeV, the optimal
cuts are found to be ETjets = 40 GeV and ET,jets = 70 GeV respectively. These values are
sizably higher than the ETjets of order 10 GeV quoted in [37]
The inclusive spectra for the case of the pedestal subtraction method with κ = 1 is
shown in figure 15. The impact of background fluctuations is stronger than for the other
methods or procedures discussed previously. The jet yield is enhanced with respect to
PYTHIA up to ET ∼ 200 GeV for all considered temperatures. But this effect becomes
smaller and the approach to the un-embedded spectrum happens at smaller ET , for lower
T ’s. The effect of the value of ET,jets used in each case is visible as a discontinuity in the
spectrum for ET ≃ ET,jets (but only in the case of a uniform background, see in appendix A
the results using a non-uniform one coming from PSM).
While we have not found a satisfactory explanation of this fact, let us note that the
two methods make their respective background estimations in a rather different way. For
the pedestal one it is made in an early stage (at the particle level) and it is linked with
the granularity of the calorimeter in η, while in FastJet ρ and σjet are determined using
the information from a list of jets defined using the kt algorithm that does not result in a
rigid η×φ shape. As a consequence, the background parameters coming from the pedestal
method may become more sensitive of the background structure regarding region-to-region
fluctuations than the ones coming from FastJet. All in all, it looks as if the subtraction of
the background using FastJet works for large ET jets while gets a clear contribution from
back-reaction at lower ET , while for the pedestal subtraction we see some shift at large ET
12The match is done by minimizing
∣∣∣[ 1Nη bins ∑η bins ρtowerT (η,with jets)ρtowerT (η,without jets)]− 1∣∣∣.
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Figure 14. Dependence of the φ-averaged background parameters on pseudo-rapidity η, for a
simulation using Q-PYTHIA with qˆ = 0 (i.e. unquenched jets) embedded in a background with
T = 0.9 GeV. The red dotted line corresponds to the first estimation of background parameters and
the green solid to the final one. The black dashed line corresponds to the background parameters
when using simulated events containing only background.
that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection 2.3.1.
In figure 16(a) the dijet asymmetry is shown for different values of T . In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasing T . This may be linked to the increasing shift of the single inclusive
distributions discussed above.
The effect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in figure 16(b). The azimuthal correlation shows a pedestal in the whole ∆φ range
for the highest fluctuations, more pronounced in this case of κ = 1 than for the previously
discussed procedure with κ = 2.2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
effect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.
figure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0,v3 = 0;v2 =
0.1,v3 = 0;v2 = 0.1,v3 = 0.03). The dijet asymmetry shows negligible dependence on flow,
as it was the case for previous procedures of background subtraction.
On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see figure 17(b), shows a bump near ∆φ ∼ 0. The origin is the same
as discussed in subsection 3.2, see figure 18.
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Figure 16. Dijet observables for a simulation using Q-PYTHIA with qˆ = 0 embedded in a back-
ground with different T ’s. The red dotted lines correspond to a background with T = 0.7, the
black dashed ones to a T = 0.9 and the green solid ones to a T = 1.2 GeV. The blue points are the
CMS data with the corresponding error bars and the purple triangles the CMS Monte Carlo [26].
A pedestal technique with κ = 1 has been used for background subtraction.
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Figure 17. Dijet observables for a simulation using Q-PYTHIA with qˆ = 0 embedded in a back-
ground with T = 1.2 GeV. The red dotted lines correspond to a simulation without flow, the black
dashed ones with an elliptic flow component (v2 = 0.1) and the green solid ones with an additional
triangular flow component (v2 = 0.1, v3 = 0.03). The blue dots are the CMS data with the corre-
sponding error bars and the purple triangles the CMS Monte Carlo [26]. A pedestal technique with
κ = 1 has been used for background subtraction.
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Figure 18. Correlation between AJ and φ1 for a simulation using Q-PYTHIA with qˆ = 0 embedded
in a background with T = 1.2 GeV with a reaction plane fixed to φRP = 0. The background
subtraction was made using a pedestal method with κ = 1. The colour gradation from deep blue
to deep red denotes increasing correlations.
Finally, the effects of quenching are shown in figure 19. The momentum imbalance
induced by quenching exists, but it is less significant than for the previously discussed
cases and the agreement with data is consequently poorer even for qˆ = 8 GeV2 fm−1. The
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Figure 19. Dijet observables for a simulation using Q-PYTHIA with different qˆ embedded in a
background with T = 0.9 GeV (σjet ≃ 11 GeV). The red dotted lines corresponds to qˆ = 0, the
black dashed ones to qˆ = 4 GeV2 fm−1 and the green solid ones to qˆ = 8 GeV2 fm−1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS Monte
Carlo. The background subtraction was made using a pedestal method with κ = 1.
azimuthal correlations are slightly broader. An explanation of the latter fact would go along
the lines developed in subsection 3.1, with the broader quenched jets producing additional
soft particles that will be distributed over a wide range of the phase space. Hence, the
azimuthal position of the reconstructed jets becomes less correlated.
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4.4. Summary and Prospects
In this work, a systematic comparison of one jet quenching MC model, Q-
PYTHIA, with some of the CMS observables was presented. Several quenched
pp events were simulated, with different transport coefficients, that were em-
bedded into a background built from a toy model. Within this model, the
transverse momentum particle distribution follows a thermal-like spectrum in
the soft part, that smoothly matches a power-law in the hard tail, that is con-
strained by perturbative calculations. The values of ρ and σ were controlled
by the temperature T , and the chosen range of values was in rough agreement
with the experimental ones. The particle distribution in η is considered to be
uniform, within the considered acceptance (η ∈ [−3, 3]), while the spatial dis-
tribution in φ was optionally modulated to include elliptic and triangular flow
effects. Two different background subtraction procedures were investigated:
a jet area-based method implemented in the FastJet package, and a pedestal
technique, where the free parameters were tuned so that the subtracted jet
spectra was as similar as possible of the MC truth.
By making a quantitative comparison of the response of two background
subtraction procedures to different background characteristics and quenching,
we were able to identify the main problems inherent to each type of method.
Namely, it was verified that both methods present a similar result on the jet
energy reconstruction, being affected in the same way by background fluc-
tuations, while the pedestal technique was more sensitive to the azimuthal
position of the jet. As a consequence, a strong correlation between the dijet
asymmetry and dijet azimuthal coordinates was found, when flow was intro-
duced into the simulation. Currently, CMS is working on a new background
procedure that accounts for flow effects.
As for quenching effects, it was verified a qualitative agreement of the
Q-PYTHIA MC with the dijets CMS data. Although the description is not
perfect, it should be taken into consideration the fact that the medium that
act as input for the UE is a very simple toy model intended for a more easy
background characterization. In this work, it was also investigated the miss-
ing transverse momentum. Contrarily to expectations, these results can be
understood within the standard jet quenching models: a hard emission at
large angles with respect to the subleading jet, that by medium effects, suffer
energy loss processes. Thus, different jet quenching approaches, either based
on standard gluon radiation or thermalization processes of soft gluons, can
provide a satisfactory explanation for the picture provided by the dijets data:
a leading jet, essentially formed by hard partons, whose energy is balanced
essentially by soft particles at very large distances from the dijet axis.
This work was intended to serve as a step further in the interplay between
154 Chapter 4. Jets in Heavy-Ion Collisions
experimental results and theoretical predictions. As it was shown, the proced-
ure of embedding the hard event into a background with the application of a
background subtraction afterwards, may not be so transparent and straight-
forward to compare with data. Accurate quantitative conclusions are still
difficult in this framework as there are several other ingredients that play a
role at the same time that quenching effects. At present, with the current
tools published by the experiments, a direct comparison of a jet quenching
MC with data is possible, making the subsequent improvements of the theory
much more efficient. With respect to Q-PYTHIA, it was identified a mild
effect on the dijet axis that is not in agreement with experimental data. By
correcting the modified splitting functions of this MC to account for the finite
energy effects that were discussed in chapter 3, more energy loss and a smaller
effect on the jet direction should be accomplished. These improvements could
be addressed in a pursuance of this work, as already mentioned in chapter
3. With the new set of analysis that the LHC and RHIC collaborations are
working on, more differential information can be withdrawn. A comparison
from the current MC simulations with the new observables is also fruitful.
Finally, as the theoretical description of the jet quenching phenomena
improves and the experimental analysis offer more observables and accurate
results, one may, in a near future, to severely constrain jet quenching models.
Chapter 5
Conclusions
Heavy-ion collisions are a unique opportunity to study the theory of the
strong interactions and, also, to offer information about the evolution of the
very early stages of our Universe, namely, this new state of matter called the
quark-gluon plasma phase. One of the tools that allow to infer its dynamical
properties are hard probes, objects with a very high transverse momentum,
that are formed in a very early stage of the collision. Therefore, as they
travel through the whole extension of the medium that is produced, they
carry important information about its evolution. Among the different hard
probes that are used in heavy-ion experiments, jets are a powerful tool as they
can be described by perturbative QCD almost completely.
By comparing the modifications of the jets (and all hard probes in general)
as they exit the fireball, with respect to proton-proton collisions (usually des-
ignated as vacuum), it is possible to investigate the QGP features that induce
the differences that are observed. However, before assessing the properties
of the coloured matter that is created, the propagation of highly energetic
particles inside a hot and dense medium should be clearly understood. While
the QCD branching process is well known in vacuum, phenomenological as-
sumptions are necessary to simplify the description of the physics when a
medium is present. Consequently, the description of the phenomena is in-
complete, posing serious challenges in the comparison of jet quenching models
among themselves and with experimental data. It was in this context that
the work present in this thesis was developed. The main purpose was, there-
fore, to check the validity of current jet quenching Monte Carlo codes, and
to improve the current description of the propagation of high-energy particles
through an extended coloured medium.
The first objective led to the phenomenological work presented at chapter
4. Here, a systematic comparison of the Q-PYTHIA Monte Carlo simulations
with experimental data of some jet observables was made. This Monte Carlo is
a proton-proton event generator, with a parameter, the transport coefficient,
qˆ, that controls the effects of quenching. Thus, assuming a decoupled scheme
between hard and underlying events, it was necessary to build a toy model
to generate the background in which the hard event is embedded in. In this
model it was assumed a uniform particle distribution in pseudo-rapidity, η
and azimuthal angle, φ, with a p⊥-distribution that follows an exponential
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to a power law spectrum. To check the sensitivity of quenching effects to
background subtraction procedures, two different methods were used: one
based on jet areas, and another similar to a pedestal subtraction.
The results show that both subtraction methods give a similar jet energy
resolution, although a pedestal subtraction is more sensitive to the angular
reconstruction of the final jets, specially when flow effects are introduced. For
this reason, it was not possible to describe the dijet angular correlation when
applying a pedestal subtraction technique in simulated events with a qˆ 6= 0.
The results for the dijet asymmetry are identical in the two methods, and a
reasonable agreement with the experimental data can be found. Furthermore,
the picture of energy loss that one can interpret from the experimental data,
in which the leading jet is balanced by soft particles at large angles, is also
well described by the Q-PYTHIA Monte Carlo code. Such effect is originated
by a semi-hard emission at large angle from the subleading jet, that due to
quenching, is reconstructed as a jet formed essentially by very soft particles.
The main conclusion of this part of the thesis is that an accurate descrip-
tion of the jet reconstruction methods in heavy-ion collisions is compulsory to
compare models to data and to accurately describe medium properties. Also,
jet quenching models based on medium-induced soft gluon radiation are not
refuted by current experimental data on jets. For instance, the lack of modi-
fication of the FFs has been suggested as the existence of coherence effects
whose inclusion on MC codes is under development. Still, a better descrip-
tion can be achieved if these models are further improved. Such theoretical
calculations were performed in chapter 3.
Taking the BDMPS-Z/ASW approach, an extension beyond soft-gluon ra-
diation for the q → qg process was carried out, within the same path-integral
formalism used in this approach, in the first part of chapter 3. The spec-
trum was deduced considering the limit of hard emissions, resulting into a
differential observable related to the final quark and not the emitted gluon.
By comparing the spectrum of the two limits, an interpolation function was
build. To do so, an ansatz had to be made, such that the energy of the ra-
diated parton, transverse momentum and transport coefficient contains the
description of the two limits. Numerical evaluations show that the result-
ing parton radiation spectrum contains the same features and results from
the soft limit. This is an indication that the obtained energy spectrum is a
consistent generalization of previous works. Furthermore, when the energy
of the radiated parton increases, a strong interference effect is observed in
the kinematical region of the LPM effect, and eventually the medium-induced
spectrum goes to zero as expected.
This generalization was further improved in the second part of chapter 3,
by going beyond the eikonal approximation. In this case, the three particles
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in the splitting can undergo Brownian motion in the transverse plane. Higher
order n−point correlation functions and path-integrals were solved within the
large N and multiple soft scattering approximations. The diagrammatic inter-
pretation of the resulting spectrum indicates that after emission two possible
situations may happen: the final particles become automatically decorrelated
and thus, the shower can be understood as a factorization of single gluon
emissions; or the two particles are still color correlated and emit coherently
as a singlet leading to an additional suppression of the gluon energy spectrum
compared to the factorized regime. This correction to the factorization de-
pends on the transverse distance between the two particles. Therefore, this
contribution to the final spectrum dies as the pair propagates through the
medium, and a factorized picture of the parton branching is restored.
From this part of the work, it is possible to conclude that we are now in
possession of the analytical tools to calculate all finite energy corrections for
a medium with static scattering centers, and in the small emission angles
approximation. Further improvements are only possible if the recoil of the
scattering centers is taken into account.
I would like to end this thesis by emphasizing that there are new observ-
ables to be explored. A continuous effort is being made by the LHC and RHIC
collaborations to facilitate a direct comparison of proton-proton MC codes,
that include quenching effects, to experimental results. On the theoretical
side, several developments, including the ones presented in this thesis, have
been achieved in different formalisms, and many are still to come. A new
generation of jet quenching MC codes, that include the new theoretical in-
gredients are currently being developed. This cooperation and effort between
experiment and theory will allow to improve our current understanding of the
jet quenching phenomena, and ultimately, a more accurate extraction of the
properties of the quark-gluon plasma.
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